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PREFACE

This handbook discusses tyre-road contact forces generated by heavy vehicles, their influence on 
road surface and bridge response and damage, as well as ways of assessing and improving vehicles 
so as to minimise road damage.

The vertical force applied to the road surface by each tyre of a heavy vehicle can be separated into 
two components: the static load, due to weight, and a fluctuating component known as the dynamic 
tyre force or dynam ic wheel (axle) load. The static load depends on the geometry and mass 
distribution o f the vehicle and the static load sharing characteristics of the suspension system. 
Uneven load sharing can result in unnecessarily high average tyre forces with consequently high 
stresses and strains in the road surface and additional road damage. Dynamic tyre forces are caused 
by vibration o f the vehicle when it is excited by roughness of the road surface. They normally occur 
at frequencies below 20 Hz. Dynamic tyre forces generate additional dynamic stresses and strains in 
pavem ents which are thought to accelerate road surface deterioration, although the mechanisms by 
which this occurs are not well understood.

There is considerable civil engineering literature concerned with experimental and theoretical studies 
of road dam age caused by heavy vehicles, however it is mostly based on the notion that vehicles 
apply constant (static) tyre forces to the road surface. These studies have achieved mixed success 
due to the extremely complex nature of the road damage problem. Comparatively few researchers 
have investigated the influence of vehicle suspension design features on static and dynamic tyre 
forces and the consequent effects on pavement damage. This is the main theme of the book.

The prim ary incentive for understanding these problems is the possibility of reducing the road 
damage caused by heavy vehicles and the very large associated costs. This may be achieved by 
highway authorities, through improved design and construction of roads; or by government 
agencies, through regulations intended to encourage the use of more ‘road-friendly' vehicles (for 
example, the European regulation that provides a payload incentive for vehicles with air suspensions, 
or suspensions with 'equivalent' performance.) A third possibility is for vehicle engineers to design 
im proved suspensions w hich m inim ise road damage. Such suspensions could be based on 
conventional passive suspension components, or possibly computer-controlled active' or 'semi- 
active' suspension technology.

In order to improve heavy vehicles to minimise road damage and react to suspension performance 
regulations, it is desirable for vehicle designers to have some understanding of the mechanisms of 
road damage, and the vehicle factors that have the strongest influence. It is equally important for 
highway engineers to understand the importance of vehicle features which affect their roads. The 
main purpose of this book is to provide some of this information and to highlight the important 
issues in the road damage debate.



PREFACE »

This handbook is divided into eight parts. The first four parts provide background information and 
mathematical models of vehicles and roads. This material underpins the next three parts, which are 
concerned with combining the models to understand various aspects of vehicle-road interaction.

Part 1 contains general background material about road wear, expenditure on roads and some 
historical perspectives.

Part 2 is concerned with vehicle dynamics, and includes chapters on road surface roughness, 
suspension components, measuring and simulating dynamic tyre forces and a brief introduction to 
the subject of 'weigh-in-motion*.

Part 3 is concerned with the response of the guideway to heavy vehicle loads. It includes chapters 
on response of continuous flexible pavements, jointed rigid pavements and short-span highway 
bridges to dynamic vehicle loads.

Part 4 concentrates on the mechanisms of damage of flexible pavements: particularly permanent 
deformation and fatigue cracking.

Part 5 discusses vehicle-guideway interaction. It presents simple models for predicting the road 
damage done by dynamic tyre forces of vehicles; ’spatial repeatability1 of dynamic tyre forces 
generated by a vehicle ’fleet'; models of the long-term performance of roads subject to vehicle and 
environmental loads; and the effects of spatial repeatability and suspension design on road life.

Part 6 is concerned with the design of suspensions to minimise road damage. It investigates 
improvement and optimisation of conventional 'passive' suspensions, as well as the use of 
controllable 'semi-active' suspensions.

Part 7 is concerned with the problem of assessing the road-damaging potential of heavy vehicles for 
regulatory puposes. It discusses the fundamental issues of vehicle dynamics which must be 
addressed by any testing programme, such as wheel-base filtering, statistical issues associated with 
vehicle testing, the dynamic interaction between tractor and semi-trailer, and non-linearities of the
suspension components.

Part 8 presents conclusions and suggests areas needing further research.

The Appendices contain lists of abbreviations, references and the index.

Much of the work contained in this book has been published in the form of technical papers by the 
author working in collaboration with others.
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PART 1 - INTRODUCTION





A BRIEF HISTORY
1

The history of roads is much longer than the history of motor vehicles. In the first chapter of this 
book, the histories of road construction and vehicle-road interaction are reviewed briefly. A detailed 
history of heavy goods vehicles is not presented: this can be found elsewhere (see, for example. |2 l, 
62, 254, 289, 320, 50711). An excellent book on the history of roads and vehicles is ’Ways of the 
World* by Max Lay |298).

1.1 ROAD CONSTRUCTION

The first pathways were made by animals. By 10,000 BC, these pathways were used by human 
travellers in temperate areas. Humans began settling in villages around 4.000 BC. and street paving 
has been found in the remains of settlements dating from around this time |298j. The Egyptian king 
Cheops was said to have constructed a stone paved road to facilitate building of the Great Pyramid in 
about 3000 BC 11311. The Incas built fine highways through the Andes, and the Mayans built an 
extensive network of paved roads in Mexico before the discovery ol the New World [79| The 
ancient Chinese constructed an extensive system of roads, some of which were paved, from about 
1,100 BC onwards. By 20 AD, the Chinese road network extended over some 40,000 km |298|.

From about 300 BC, the Caesars of the Roman Empire built strong stone highways throughout 
Europe, necessitated by their military campaigns (131J. Some of these roads were up to three feet 
thick, but their surfaces were still worn by the un-suspended steel wheels of chariots (figure 1.1).

Fig. 1.1 A street in Pompeii showing stepping stones and grooves worn by chanot wheels. Frum 12511

1 Numbers in parenthesis ( ] refer to reference listed in Appendix B.
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Many o f  the Roman routes are still in use today. By early in the fifth century AD the Romans had 
built approximately 80,000 km of first class paved roads around the Mediterranean, through Asia 
Minor and Europe. O f these approximately 12,000 to 15,000 km o f paved roads were in Britain 
alone. After the departure o f the Roman legions (around 406 AD), most roads in Europe fell into 
disrepair and the art o f road-making was forgotten.

For many centuries, road construction and maintenance was done on a local basis. Around 1706, the 
first o f the Turnpike Trusts' was formed in Britain to build roads and collect tolls from passing 
vehicles. Eventually there were approximately 1,100 Trusts administering some 38,000 km of 
roads. They were corrupt organisations, and despite their considerable income, the roads remained 
in a deplorable state [131].

'Modem’ road construction began in the late Eighteenth Century, and is usually credited to Trésaguet 
in France about 1764 [79]. Trésaguet's method is shown in figure l.2a. It used large paving 
stones, placed on the ground, with broken stones that were hammered into the interstices and placed 
on top o f the large stones to provide the running surface [297].

Around 1820, Thomas Telford, (the first President of the Institution of Civil Engineers), developed a 
method based on the French practice, but using carefully placed cubical stones of equal size as a base 
[297], as shown in figure 1.2b. Telford also paid particular attention to drainage of the subgrade 
and provided a crowned impermeable surface to aid run-off [79].

John L. Me Adam (1756-1836) published a treatise on road building in 1822 [330]. It was 
circulated so widely that it effectively became an international standard [148]. Me Adam's method 
was the forebear of modern flexible pavement construction. It did not use a base of large placed 
stones, but instead relied on interlock between randomly located, angular stone pieces about 25 - 
35 mm (1-1 .5  inches) in size. The stones were hand-broken, laid on the natural formation to a 
depth o f approxim ately 200-250  mm (8 -1 0  inches), and crowned slightly to drain water 
(figure 1.2c). The surface was originally compacted by hand tools and later by rollers. McAdam 
insisted that "nothing is to be laid on the clean stone on pretence o f binding; broken stone will 
combine by its own angles into a smooth solid surface that cannot be affected by vicissitudes o f 
weather, or displaced by the actions o f wheels" [330]. He forbade the addition of earth, clay, or 
chalk to the broken stone, because such materials absorbed water and were affected by frost. 
McAdam's method spread the load more widely and uniformly, than those of Trésaguet or Telford, 
and usually provided a more durable surface [297]. The road was often placed above the natural 
ground, thereby improving drainage. The foundation material of broken, compacted stones became 
known as macadam.

Although macadam made a vast difference to road making, the surfaces were difficult to clean and 
required constant sweeping and watering to reduce dust in urban areas. In 1848 the Lincoln road 
near Nottingham, England was constructed of macadam coated with coal tar residue from a gasworks 
[131]. This new material became known as tar-macadam and was the predecessor of modem asphalt 
paving materials. Tar-m acadam  was only considered suitable for light traffic [131]. The first 
Portland cement bound macadam pavement was built in Edinburgh, Scotland in 1872 and a road of 
similar construction was built in Lynn, Massachusetts in 1906 [79].

The rise of the railways in the 1830s and 1840s removed the need for road travel, and the 
construction and improvement of roads essentially stopped: road systems were again neglected 
[131 ]. In Britain, travel by rail became considerably faster and cheaper than travel by stage coach 
[62]. In the US, the railways became the most powerful sector of the economy. American roads 
were in very poor state by the end of the nineteenth century [418].
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Fig. 1.2 Forms of early road construction after (297]. Note that the vertical scale is exaggerated

The invention of the 'safety bicycle' in 1887 and use of the pneumatic tyre in the following year. led 
to a bicycle craze in 1890-5. This was one of the most powerful factors in re-awakemng the need 
for investment in roads.
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Id Britain in 1896, the bicycle lobby forced the repeal of the 'Red Flag Act' of 18641. Removal o f 
this Act gave considerable impetus to the use and development of mechanical road transport ц зп 2. 
In the US, the League of American W heelmen, (a bicycle riders group formed in 1880) led the first 
campaign for state funds for local road construction in 1888 [418], and organised the National 
League for Good Roads (NLGR) in 1892. As a result o f the NLGR’s cam paign, Congress 
established the Office o f Road Inquiry (O R I)3 and earmarked $10,000 of the Department of 
Agriculture’s 1894 budget for investigations o f  road construction and management [418]. This was 
the beginning of widespread improvement of roads in the USA.

The various asphalt paving techniques did not come into widespread use until the turn of the 
twentieth century. At this time, the appearance of automobiles with pneumatic tyres rapidly increased 
the demand tor smooth road surfaces [297]. Furthermore a plentiful supply of bitumen, which could 
be used for making asphalt, was obtained from the distillation of oil for petroleum (gasoline) [131].

Asphalt paving technology developed throughout the twentieth century and by the 1950s, asphalt 
('flexible') pavements were constructed in two main ways [323].

(i) Penetration and layer systems (including the seal-coated macadam roads, developed in 
Australia and New Zealand [297]) were generally used for light construction. They consisted 
of layers of thoroughly rolled clean aggregate and sprayed bitumen.

(ii) Plant mix systems were used for heavier constructions. Graded aggregate was mixed 
together with bitumen at approximately 150 "C (300 bF) in a central mixing plant. The hot 
mix was transported to site, spread, smoothed and rolled into a thick asphalt layer.

These general construction methods arc still used today, although there arc many classes of asphalts, 
depending on the size distribution of the aggregate and the grade and proportion of bituminous binder 
[402].

Other paving methods, including stone, brick and wooden blocks were used successfully in towns 
up to the turn of the twentieth century. Wooden block pavements were used widely in Australia until 
the second world war, but they were considerably more expensive than the alternative of tar
macadam [297].

The first rigid pavement (Portland cement concrete) in the USA was a rural road, constructed in 
W ayne County, M ichigan in 1909 [131]. A variety of construction types have been employed 
subsequently for rigid pavements: with and without reinforcing steel and expansion joints (see 
Bruce, [79] for a description of the early rigid pavement construction methods used in the US).

1 An Act of Parliament in 1861 limited the size and weight of mechanically-propelled road vehicles, and fixed 
maximum speeds of 10 mph in the country and 5 mph in cities and towns. An amending Act in 1864 reduced the 
maximum speed of mechanical vehicles to 4 mph in the country and 2 mph in towns, and also stipulated that such 
vehicles should be attended by three persons, one of whom had to walk sixty yards ahead of the engine carrying a red 
flag by day. and a red lantern by night.

2 With the increased popularity of mechanically-propelled vehicles came the dissolution of the last of the Turnpike 
Trusts in Britain, and the roads previously managed by them became public highways. The British Road Board was 
formed in 1909 and was given [lowers to increase taxation on cars and ensure that the new users of roads paid their fair 
share towards the greatly increased cost of maintenance [ 131J. It also conducted valuable research on road surfacing 
methods. In 1919. the Ministry of Transport was formed to supersede the Road Board.

3 In 1899, the IIS ORI was renamed the Office of Public Road Inquiry (OPRI), which built a laboratory for testing 
road construction materials and methods in 1900 It also constructed many demonstration highway sections around the 
country. The OPRI was renamed the Office of Public Roads (OPR) in 1905 and became the foremost road research 
establishment in the US under the direction of LW Page (418]. In 1916, the OPR was enlarged and renamed the Bureau 
of Public Roads (BPR). The BPR held a conference in 1916 to promote highway engineering and cooperative research 
between the states. It was attended by representatives of 21 states and led directly to the formation of the American 
Association of State Highway Officials (AASHO) in 1917 (147). (AASHO was renamed AASHTO in 1973.)
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Typical modem 'high' type pavements have asphalt or Portland cement concrete surfaces 150- 
450 mm (6-18 inches) thick, built on granular sub-bases, 150-300 mm (6-12 in.) thick 120, 162, 
259, 378). In the USA in 1990,48% of interstate highway pavements were of flexible construction; 
10% were composite; and 42% were rigid [30].

1.2 VEHICLE-ROAD INTERACTION

Horse-drawn heavy goods vehicles were used by the ancient Romans, particularly for military 
purposes. For many centuries after the withdrawal of the Romans from Europe, horseback was the 
main mode of personal transportation, with pack-horses used to carry goods 1298|. However, in the 
mid sixteenth century, coach travel began to gain popularity. Steel spring suspensions came into 
general use on passenger coaches late in the seventeenth century and coach travel expanded rapidly as 
a result 1131). Before the improved roads of McAdam and Telford, the effect of heavy wagons on 
un-metalled roads was to generate ruts that were often axle deep. This made travelling dangerous 
and often impossible in winter months. In 1622, James I of England prohibited loads greatci than 
one tonne on any vehicle operating during the winter [298], An Act ol 1751 attempted to eliminate 
the rutting effect of narrow wheels by prohibiting the use of wagons with wheel rims less than 
9 inches wide on turnpike roads 1131].

The first full-size vehicle to run on the road under its own power was a three-wheeled, front wheel 
drive steam carriage, built by the Frenchman Nicholas Cugnot in 177011311 Many steam-powered 
road vehicles were built in the nineteenth century, beginning with Trevithick's passenger-carrying 
steam carriage of 1801, but restrictive legislation prevented their wide-spread use in Britain 11311. 
In 1840, Worsley, a steam carriage inventor, said that "the only real difficulty to the general use of 
steam vehicles on roads instead of horse-power, arises from the great irregularities oj surface 
resistance on common roads" 11311. Diplock 1156| observed that road-adhesion, road-resistance 
and damage to roads were closely allied, and that the tractive ability of steam traction engines was 
limited by the small area of contact between wheel and road. In 1893 he patented a traction engine 
with four-wheel steering and permanent four-wheel drive (including a third differential between the 
a x les)1. After the repeal of the Red Flag Act' in 1896, steam-powered road vehicles were 
developed rapidly, despite significant restrictions on weights and speeds. By 1900, Thomycrolt and 
Co. had introduced a six-wheeled, articulated steam truck capable ol carrying 5 tons |62| Steam- 
powered trucks continued to be developed in Britain until the 1930s, but they never gained 
significant popularity in the US. However, electric trucks were used in the US around the turn of the 
century.

Carl Benz patented the first gasoline-powered automobile in 1886 [21). and the Winton Company 
started manufacturing trucks with internal combustion engines in the US in 1898 (13) Fuel cost was 
a minor item in the early years of automobiles, however, failure of the solid rubber tyres was 
frequent (up to one tyre every 700 miles), difficult and expensive to repair |62). Before 1900. the 
cost of running commercial petrol-driven vehicles in Britain was more than horse traction, und steam 
engines were popular [62).

Road deformation remained a problem, and in Britain in 1904, the minimum widths of steel tyres tor 
vehicles over 2 tons unladen weight were fixed in relation to axle loads [131) The Road Traffic Act 
of 1930 introduced similar regulations that favoured pneumatic tyres and penalised vehicles with

1 In his book. Diplock [156] also described a device he called a ‘Pedrail’ (a cross between the walking action <4 a horse 
and the low rolling resistance of a railway wheel), which was into tided to maximise whcel/roiJ contait v ra  and traenvr 
force. ’Die Pedrail could be considered to he a predecessor of the modern apriailtui.il tractor l>rc DifLvk also 
proposed the use of road trains that could be "split into smaller units fin co/ftiVum j mi Ji\:nb*nun ihamah /'/waA 
routes and terminals", and he recognised the problem of ‘off-tracking’ of multiple unit \ eludes
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solid tyres that damaged road surfaces [131]. The same sort o f  legislation is still being enacted 
today, for example, with restrictions on the use of w ide-single tyres on so called 'road-friendly' 
suspensions in the European Community [32].

Dam age to the early asphalt roads became a problem, partly because of higher vehicle speeds. 
Colonel R.E.B. Crompton, The Engineer o f the (British) Road Board, discussed vehicle-road 
interaction in a paper to the Institution of Mechanical Engineers in 1913 [ 146]. He believed that road 
deform ation (particularly corrugation) was due to "the repeated action o f vehicles closely 
resembling one another in their harmonious action, passing over the road at a speed sufficient 
to transform the smooth rolling o f the wheels into bouncing or pulsating motion". This was 
probably the first reference to the topic o f  'spatial repeatability' which is currently an important 
research issue isee Chapter 18).

In 1905, 750 trucks were produced annually in the US. By 1914, this had increased to 25,000 
[507]. Great strides were made in the development of heavy commercial vehicles during the first 
world war, including development of the first pneumatic truck tyre by Goodyear in 1917 [227]. 
After the war, many military trucks were pressed into civilian peacetime duty. By 1918, US truck 
production had increased to 230,000 per year [507] and there were approximately 600,000 trucks in 
the  country [13]. According to Cron, [147]: "this tremendous additional burden (on US 
highways) reached its peak at the worst possible time: during the spring thaw o f 19Î 8. The 
results were catastrophic. In Delaware, the Philadelphia Pike was reduced from a good 
bituminous macadam road to a quagmire by the passage o f a single 100-truck convoy. In the 
Mid West, supposedly high-type roads o f brick on concrete bases or bituminous concrete on 
macadam bases also warped and crumbled. By the end o f the war, thousands o f miles o f roads 
were barely passable despite skyrocketing maintenance expenditures. "

In 1919 Congress provided $200 million o f aid for State highways. However, at the annual AASHO 
meeting in December of that year, Anson Marston pointed out that: "The country is about to spend 
untold billions o f  dollars in the construction o f paved roads. Yet there is a serious lack o f the 
fundam ental scientific data which are absolutely essential to the correct design and 
construction o f paved roads " [147]. It could be argued that the same statement still holds true 
today! In the intervening years, however, very large research efforts have taken place to improve the 
design and construction of roads.

1.3 LOAD EQUIVALENCE FACTORS

As early as 1822, McAdam proposed that heavy vehicles should pay road tolls according to the 
amount of road damage they caused [330]. The subsequent history of vehicle-road interaction has 
been influenced strongly by the attempts o f road engineers to find a common unit for defining the 
road damaging-potential of various classes of vehicles.

In the 1870's, the French Corps of Bridges and Roads began taking traffic censuses as a means of 
estimating surface wear on paved roads ( 147]. To translate animals and vehicles into surface wear, 
they designated the collar as a standard unit for measuring traffic. One collar was defined as a single 
animal harnessed to a loaded vehicle. A pair of cattle harnessed to a heavy load counted as two 
collars. Subsequent to the French census in 1904, motorcycles were assigned 0.3 collars; vehicles 
licensed to travel less than 30 km/h (20 mph) were assigned one collar; and vehicles licensed to 
travel more than 30 km/h were assigned three collars [147].

The French method was adopted in Great Britain, but the English ton was used instead of the collar 
as the standard unit of traffic. Sheep and pigs were assigned 0.1 ton each; motorcycles were 
assigned 0.13 tons; omnibuses drawn by two or more horses were assigned 3 tons; steel-tyred trucks 
were assigned 10 tons and steam-powered traction engines were assigned 12 tons [147]. In the 
USA, the Office of Public Roads studied traffic on the Rockville Pike experimental road, near 
Washington DC in 1915. The results were reduced to tonnage by assigning average weights to
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several classes: 0.28 tons for a rubber-tyred, horse-drawn vehicle; 2 tons for an automobile and 2.4 
tons for a loaded 'motor dray1 [147].

Despite these censuses, road engineers did not have reliable methods for incorporating traffic data 
into their pavement designs during the first half of the twentieth century. Therefore, pavements were 
essentially designed like conventional civil engineering structures, to withstand a limiting maximum 
load, rather than to wear out gradually in a specified service life.

The early design procedure for rigid pavements was relatively straightforward, because concrete had 
well known strength characteristics, and simple beam equations could be used to estimate stresses for 
the worst case condition of a wheel load applied to the unsupported end or comer of a slab (see, for 
example [79]). In 1926, Westergaard modelled a rigid pavement as an elastic plate supported by a 
Winkler foundation (489J, and his more accurate formulae for slab stresses were subsequently 
incorporated into rigid pavement design methods.

The load-carrying characteristics of flexible pavements were not understood nearly as well as for 
rigid pavements. Until the late 1950s, civil engineers mainly used the principle that the vertical stress 
under a load in a flexible pavement "diminishes in geometrical proportion as it is transmitted 
downward from the surface, by virtue o f spreading over a larger area" j323J. The dispersion 
angle was generally taken as 45 degrees [131]. The main design methods therefore involved first 
measuring the bearing capacity of the natural soil (often specified by the 'California Bearing Ratio’); 
and second choosing the thickness of the various layers, using a simple formula or design chart, to 
ensure that the vertical stress in the subgrade and other layers did not exceed their bearing capacities 
[131, 323].

In the 1940s and 1950s, more sophisticated pavement design methods were developed, some of 
which used empirical corrections to modify pavement thickness design charts according to the 
expected daily traffic of heavy vehicles {eg light/medium/heavy traffic). An advanced design 
procedure called the 'Hveem-Carmany method' was used in California by 1958. It involved 
converting the expected traffic in the design life into a number of equivalent 5,000 lb wheel loads, 
using a logarithmic equivalence formula. A design chart enabled the thickness of asphalt to be 
determined from the equivalent number of standard axle loads [323J. The idea of equivalent 
standard axle loads was subsequently adopted widely, and is still used today in most pavement 
design methods.

In 1958-60, the American Association of Stale Highway Officials (AASHO) performed a very large, 
full-scale road test in Ottawa, Illinois [7, 8]. Six test tracks were built with various constructions, 
including flexible and jointed rigid pavements. Only one set of materials and one road-bed soil was 
used for each pavement type [20]. The US Army Transportation Corps drove 200 vehicles around 
the tracks at 35 mph, for up to 1.1 million axle applications on the sections that survived the lest: a 
total of some 17 million vehicle-miles in two years.

Probably the most important result of the AASHO road test was the 'fourth power law' which has 
had a profound influence on pavement design and operating practice throughout the world ever since. 
A regression analysis on the results of the test indicated that the decrease in pavement serviceability' 
caused by a heavy vehicle axle could be related to the fourth power of its static load (367). Pavement 
serviceability was assessed by a panel of experts. It was rated on a scale known as the Present 
Serviceability Index' (PSI), with values ranging from 0 to 5: a value of 5 representing a perfect’ 
road1. It was found that the PSI could be expressed in a regression equation relating 'cracking and 
patching’, rut depth and surface roughness [367].

1 Roads are generally re-surfaced or re-constructed when the PSI reaches 2.0 to 2.5 [20). In 1990, approximately 59% 
of Interstate highways in the USA had PSI values of 3.5-5.0; 32% had PSIs of 2.6-3.4, and S.7% had PSls of 2.5 or 
less [30]
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The loads applied to a road by mixed traffic can be converted into a number o f Equivalent Standard 
Axle Loads (ESALs) (413], by applying the fourth power law to each axle [20, 367]. The number 
ofESA Ls N attributed to static load P is

N = (P/P0) \  with n = 4. (1.1)

Po is generally taken to be 80 kN.

The AASHO road test therefore yielded the 'Holy Grail' that road engineers had been seeking for 
nearly a century: the ESAL. It provided enormous simplification for pavement design, since the 
road-damaging characteristics of any traffic stream could be characterised by a single number - the 
number of ESALs. ESALs were immediately incorporated into manual pavement design procedures 
{eg [20]). and later were used in computer-aided mechanistic’ pavement design packages, to 
characterise the traffic. The ESAL also provided a simple tool for evaluating the road damaging 
potential of vehicles. It is used universally throughout the world, for assigning road user charges for 
heavy goods vehicles -  and it will continue to be used for the foreseeable future.

Table 1.1 presents ESAL data collected on Weigh-in-Motion scales in the UK. The data is averaged 
by vehicle class. It shows that the number o f ESALs per axle generally diminishes with increasing 
number o f axles on a vehicle.

Vehicle Class Number o f ESALs
Buses and coaches 1.3
2-axlc rigid 0.34
3-axlc rigid 1.7
3-axlc ardculatcd 0.65
4-axlc rigid 3.0
4-axlc articulated 3.6
5-axles or more 3.5

Table 1.1 Approximate national average ESAL values in the UK. From f ! 351

The validity o f the fourth power law' is, however, questionable |4 j, particularly for current axle 
loads and axle group configurations; tyre sizes and pressures; road construction; and traffic volumes: 
all o f which are significantly different from the conditions of the AASHO road lest |8, 2811. More 
recent research has indicated that the damage exponent n in equation I I may take a wide range of 
values. For flexible pavements, values of 2 -6  |4 j and 1.3-4.1 (457J have been cited in the literature. 
For composite and rigid pavements, values are thought to be as high as 8 -12(16 , 109J and 11-33 
[26] An extensive discussion of the fourth power law is provided in (281 J. The fourth power law 
is essentially a 'rule of thumb' that is used in the absence of a convenient alternative.

The importance of the fourth power assumption should not be underestimated -  it has a great 
influence on political decisions concerning the axle loads of trucks, and hence the economics of 
freight transport. For example, using the fourth power law, one application of an 80 kN axle load is 
equivalent to 65.500 applications of a 5 kN axle of a car. Consequently road charging agencies 
attribute virtually all road damage to trucks.

Furthermore, conclusions about road damage are extremely sensitive to the power used in the 
equivalence relation. (The power is not known accurately as explained above.) Figure 1.3 shows 
the equivalence factors, calculated using equation 1.1, for a range of loads, with exponents n 
between 1 and 6. Consider, for example, an axle load P = 100 kN compared with a standard axle 
load Po= 80 kN. The value of P/Po is 1.25. A second power indicates that it is 1.56 limes more 
damaging to roads, whereas a fourth power indicates that it is 2.44 limes more damaging (2.44 
ESALs). If the correct equivalence relationship had a sixth power, then a 100 kN axle would be 
3.81 times more damaging than an 80 kN axle.
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Fig. 1.3 Equivalence factors for various values of (he exponent n in the power law equation 11.

It should be a matter of concern to the heavy vehicle industry, that the basis on which vehicle 
operating charges are calculated is so numerically sensitive, and yet open to considerable doubt.

Much research into road-vehicle interaction has been conducted since the AASHO road test. Some 
of it is discussed in the remainder of this book.
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2.1 S O M E  T E R M IN O L O G Y

Some of the more important term* used to describe tyre forces and pavement response are defined in 
the following sections. A list of abbreviations can be found in Appendix A.

2.1 I Vehu If Dynamics

The instantaneous tyre force Pit) at time t comprises the average static value plus an oscillating 
dynamic component: the dynamic tyre fa n e  (also known as the dynamic wheel load or dynamic axle 
load)

Frequency  refers to the spectral content o f P(t) as measured by an observer moving with the 
vehicle, and speed  refers to the speed o f the moving vehicle, measured relative to a stationary 
observer (the pavement). These arc the usual definitions used in vehicle ride dynamics.

Random lyre forces have a relatively broad hand frequency content. They arc not 'stochastic' in the 
stnet sense, because they are essentially predictable (deterministic) and repeatable on subsequent runs 
of a particular vehicle over u given stretch of road.

The Root Mean Square (RMS)  value of a random process is equal to its standard deviation, 
providing the mean value has been removed.

Spectral Density. Random signals, like tyre force time histories or road surface profiles, can be 
decomposed into a series of sine waves of different frequencies and amplitudes, by Fourier analysis. 
The spectral density is the square of the amplitude of the sine waves, divided by the frequency 
bandwidth When the spectral density is plotted against frequency on linear scales, the area under the 
curve is equal to the mean-square value of the signal (square of the standard deviation). The spectral 
density is som etim es known as the power spectral density’ (PSD), the mean square spectral 
density', or simply the 'spectrum'. See Newland (355) for an introduction to the subject.

The main types of suspensions discussed to in the book are defined in figure 2.1.

(i) Tandem suspensions arc suspension groups (sometimes known as ’bogies') with two axles 
(figures 2.1 a-d, e, g). Triaxle suspensions have three axles (figures 2.1 f, h).

(ii) In steel leaf spring suspensions (figures 2.1 a, c, e, f). the spring element consists of one or 
more steel beams (leaves) which bend elastically under load. Energy dissipation (damping) is 
provided by dry ('Coulomb') friction between the leaves at a number of contact points. The 
leaves can be of uniform thickness or have a tapered or parabolic thickness distribution.

(Ш) In air suspensions (figures 2.1 g, h), the spring element consists of a sealed rubber bag, 
filled with pressurised air. Adiabatic compression of the air provides a nonlinear spring 
stiffness. Hydraulic dampers (not shown) usually provide the main source of energy 
dissipation. The airbags are normally connected to an automatic levelling system which 
increases or decreases the volume of air in response to quasi-static changes in the height of 
the vehicle body. The airbags are often inter-connected to facilitate static load sharing.
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Fig. 2.1 Schematic diagrams of typical heavy vehicle suspensions from [443]

(iv) In walking-beam suspensions (figure 2.1a) two axles are linked by a rigid beam. Torque 
rods may provide additional axle location. The centre of the beam is connected by a pin joint 
to a steel leaf spring or rubber spring* which is in-turn connected to the frame of the vehicle. 
This allows free articulation of the axles in pitch. Damping of vertical vibration is provided 
by inter-leaf friction. Pitch articulation is essentially undamped, unless hydraulic dampers are 
fitted between the axles and the chassis. Walking beam suspensions are typically used for 
tandem drive axles, particularly for off-road applications, since the distance between the axles 
remains essentially fixed, even for large inter-axle articulation angles.

(v) Torsion bar suspensions (figure 2.1 b), utilise a torque rod with offset cranks attached to the 
axles. The rod twists elastically under load to provide a restoring force which reacts vertical 
movements of the axles. Damping is normally provided by hydraulic dampers (not shown).
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(vi) In Single-point suspensions (figure 2.1c), two axles are connected by a leaf spring, which is 
connected to the chassis by a pin jo in t at its centre. These suspensions are sometimes known 
as pivoted-spring  suspensions. They are used in similar applications to walking-beam 
suspensions.

(vii) Articulated beam suspensions (figure 2 .Id) are a variation on the single-point suspension 
concept. They use two rubber springs instead of a single leaf spring. The rubber provides 
vibration damping due to internal hysteresis.

2.7.2 Pavement Engineering

M odem  road surfaces (or pavements) may be classified as flexible, composite or rigid. A flexible 
pavem ent consists o f one or more layers o f  asphalt supported by a granular subbase. Composite 
pavem ents consist o f a flexible surface layer supported by a stiff Portland Cement Concrete (PCC) 
base; and rigid pavem ents consist o f a layer o f PCC on a granular foundation. Rigid pavements can 
be classified further according to their arrangement o f steel reinforcement and joints.

Seal-coated  pavem ents, (som etim es known as 'spray-seal* or 'chip-seal') consist of layers of 
compacted unbound aggregate with a thin bituminous surface layer to prevent water ingress. Stone 
chips coated with bitumen are normally rolled into the surface layer to provide skid resistance.

Asphalt consists o f a mixture o f crushed rock aggregate (with a graded size distribution), and 
bitum en binder. Bitumen is essentially the residue remaining after distillation of oil. Its properties 
can be enhanced by addition of filler and polymer modifying agents.

The subgrade is the natural soil on which a pavement is constructed.

The subbase is a foundation of compacted unbound granular material upon which the bound layers 
of the road are built.

In a flexible pavement, the road base is the lower layer of asphaltic material, which is often made of 
Dense Bitum inous M acadam - DBM. It can be quite thick, typically up to 300mm, on heavily 
trafficked European roads. The wearing course is the relatively thin (typically 50mm) top layer of 
asphalt. It is often made of Hot Rolled Asphalt - HRA, and is normally designed to have a surface 
texture with good skid resistance and high resistance to permanent deformation.

High type pavements are used for heavily trafficked principal roads and truck routes. They usually 
have a strong surface layer o f asphalt or Portland cement concrete, of thickness 150 mm or more, 
built on one or more layers o f compacted granular material. Intermediate and Low type pavements 
are used for moderately trafficked local routes and unsealed rural roads respectively.

The primary response o f a pavement is the stress, strain, or displacement (or time derivatives 
thereof) at a particular point in the pavement when it is loaded by a vehicle.

Contact tractions refer to distributed vertical or horizontal forces applied to the surface of the 
pavement by tyres. They are often called contact stresses or contact pressures.

Road damage refers to degradation of the structural integrity or surface profile of a road when it is 
trafficked by vehicles. Since roads are designed for a finite service life and are expected to 
deteriorate with time, it may alternatively be called wear. The most important types of road damage 
due to heavy vehicles are fatigue cracking and permanent deformation (or rutting -  formation of 
longitudinal ruts).

Throughout the book it is assumed that vehicles are travelling in a straight line at constant speed, so 
that the tyre forces are primarily vertical with no appreciable lateral or longitudinal components. The 
book does not include discussion of the forms of road damage which are essentially caused by 
environmental factors alone.
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2.2 BACKGROUND TO ROAD SURFACE WEAR

According to Rauhut, Roberts and Kennedy (279, 384] and Jackson [259], the most important road 
damage mechanisms, (which are defined by Kennedy et al [279]) are:

(i) Fatigue cracking for all types of pavements;

(ii) Permanent deformation (longitudinal rutting) for flexible and composite pavements;

(iii) Reduced skid resistance for flexible and composite pavements;

(iv) Low temperature cracking for flexible pavements;

(v) Reflection cracking for composite pavements;

(vi) Faulting, spalling, low temperature and shrinkage cracking, blow-ups, punch-outs and steel 
rupture for rigid pavements, depending on their structural category (see [279] for 
definitions).

Each failure mechanism is affected by many factors including the roadway design and construction 
methods, the material properties of each constituent layer, the traffic loading and the environmental 
conditions throughout the service life [279]. A useful comparison of the influences of vehicle 
loading and the environment can be found in [20].

Vehicles most directly affect fatigue cracking and permanent deformation, and examples of these 
failures are shown in figures 2.2 -  2.4.

There are various advantages and disadvantages of rigid versus flexible pavement construction. 
Appendix B-3 of the AASHTO pavement design guide [20] lists the factors that affect the choice of 
pavement type, but it does not make any specific recommendations.

pig. 2.2 Fatigue cracking in an asphalt pavement. From [259].
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f ig  2.3 Fatigue cracking, final stage. From [259].

Fig. 2,4 Rutting in an asphalt pavement. From [259J.

The main structural difference is that rigid pavements have considerably higher bending stiffnesses 
than flexible pavements, and therefore they can be used on relatively weak natural soils without thick
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base courses (10). Bituminous materials are very sensitive to temper ature: some can rut easily
at high temperatures (42, 162). and they become brink at low temperatures (42.482} Both flexible 
and rigid pavements can crack at low temperatures due to thermal contraction, but rigid pavements 
are usually reinforced or provided with expansion joints that are intended to minimise this problem. 
An example of low temperature cracking in an asphalt pavement is shown in figure 2.5. Note dut 
traffic loading has caused secondary cracking, around the primary transverse thermal crack. Rigid 
pavements have several other failure modes (vi, above), which can lead to a poor running surface.

Fig. 2.5 A transverse crack in an asphalt pavement due to thermal contraction, with secondary cracks due to traffic 
loading.

According to 110], the working life of rigid pavements can be increased significantly by a modest 
increase in concrete thickness, and they are therefore usually designed to last 40 years. Conversely, 
flexible pavements are more economical for shorter working lives, and they can be overlaid easily to 
extend their lives. Therefore they are usually designed to last 20 years. It is also important to note 
that new concrete takes up to 28 days to cure, whereas asphalt can be trafficked almost immediately 
after construction or maintenance. This can be an important consideration in minimising traffic 
disruption.

Undoubtedly the most important factor in the choice of pavement type is the cost of initial 
construction and subsequent maintenance. Whole-life costs are comparable because of competition 
between the asphalt and PCC industries [20], so both materials are likely to be used in the future.
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3
ROAD SURFACE TOPOGRAPHY

3.1 SUMMARY

Spectral descriptions of road surface roughness, suitable for simulating vehicle ride dynamics, are 
presented. Methods for generating pseudo-random samples of single tracks and pairs of correlated 
tracks, with desired spectral characteristics are discussed.

3.2 INTRODUCTION

In order to simulate vehicle vibration behaviour for the purposes of calculating dynamic tyre forces or 
ride performance, it is necessary to assume a road roughness input.

Extensive road roughness surveys have been performed in various countries, for example [293, 
407]. Road surfaces can normally be considered as random with a Gaussian (normal) probability 
distribution, providing occasional large local irregularities, such as potholes, are isolated and treated 
separately [159]. It is generally found that the amplitude/wavelength characteristics of roads can be 
characterised in terms of the spectral density of the profile height.

Linearised frequency domain simulations of vehicle response can use the spectral densities of road 
profiles directly to calculate vehicle response spectral densities and RMS values. In order to perform 
time domain simulations it is necessary to generate samples of the road surface profile. Single 
pseudo-random profiles can be generated artificially given a target spectral density. These are 
suitable for two-dimensional 'pitch-plane1 simulations. Pairs of pseudo-random profiles with 
appropriate correlation can be generated providing the cross spectral density between the profiles is 
known or can be approximated by a simple model.

Section 3.3 presents the most common spectral descriptions of road surface roughness that are used 
for vehicle response calculations. Section 3.4 discusses the artificial generation of road surface 
topography, given known direct and cross spectral densities.
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3 3  SPECTRAL DESCRIPTIONS OF ROAD ROUGHNESS

Two general models have been proposed for the spectral densities o f  the profiles o f single tracks 
along typical roads.

3.3.1 The Draft ISO Formulation

Based on extensive measurements of the profiles of European roads from  [293], a proposal for an 
ISO standard for road roughness was prepared in 1972 [12]. The spectral density Su( k) o f road 
height u was classified as follows:

where

su( 4 ~ )
SH(ic) =

(  *- V " 2
*0

K . 
— >1,

V o J Kb

1C = wavenumber1
= datum wavenumber, cycles/m

Su{k) = displacement spectral density, m3/cycle
•$«( Kb) = spectral density at m3/cycle.

(3.1)

The values of the constants recommended in [12] (but later corrected in [393]) were n\ = 3, 
П2  = 2.25, kq = 1/(2я) cycles/m and S(Kq), defined as in Table 3.1.

|  Road Class S( Kq) / 10~6 m3/cycle

|  Very Good 2 - 8
J Good 8 - 3 2
|  Average 3 2 -  128
|  Poor 1 2 8 -5 1 2

|  Very Poor 512 -  2048

Table 3.1 Values of the constant S( Xfc) in the corrected ISO standard for road roughness.

These corrected values were used for plotting the classifications shown in figure 3.11 2. Also shown 
on the figure are the spectral densities of the left and right wheel paths o f a section of the TRL test 
track in the UK. The two wheel tracks have similar roughness. The test lane does not fit the ISO 
classifications exactly, but corresponds approximately to the 'good* classification (poor motorway or

1 Wavenumber к (cycles/m) expresses rate of change with respect to distance in the same way as frequency f 
(cycles/s) expresses rate of change with respect to time. Just as the period T (in seconds) of a time-varying sine wave 
is related to frequency f by T = 1/f, so the wavelength X (in metres) of a sinusoidal roughness component is 
related to the wavenumber к by X = 1/k.

2 In 1995. the ISO finally published the results of the 25 years of deliberations by its technical committee
ISO/TC 108 on road roughness. The result was ISO Standard ISO 8608: 1995 [38] (and the corresponding identical 
British Standard BS 7853: 1996). Unlike the draft proposals [ 12], ISO 8608: 1995 does not include any classifications 
of profile spectra (eg see Table 3 .1 and figure 3.1 ). Nor does it discuss how road profiles should be measured. Instead 
it specifies how road profile measurements (and the corresponding information about the measuring methods) should be 
reported. The conclusion is that the road profile data should be reported as a spectral density of the vertical 
displacement against wavenumber. When data for two parallel tracks is reported, the coherence function between the 
two tracks should also be specified.



ROAD SURFACE TOPOGRAPHY 23

average principal road). The measured profiles shown in this figure were used in the vehicle 
simulation study which is described in the second half of Chapter 6.

Robson [393] also suggested that an adequate description of road profile spectra can often be given 
by an equation of the form

s » = w

where n = 2.5, and Sq takes values as follows:

(3.2)

1 Road Class 1

Motorway 3-50 1
Principal road 3-800 I
Minor road 50-3000 I

Table 3.2 Values of the constant So in Robson’s proposal for road roughness, equation 3.2 [393].

Fig. 3.1 Draft ISO classification for road roughness spectral densities. Also shown are spectral densities of a 
section of the TRL test track in the UK. From (120).
________nearside wheel p a th ..............offside wheel path

3.3.2 An Alternative Formulation

Sayers [407] proposed a more general road roughness model, which can be fitted to a wide range of 
measured road profile spectral densities. It takes the form:

G G <3.3)

(2 як)* (2юг)2 е

where Gu Gs and Ge are fitted constants. See Appendix E of [192] for a summary of the 
approach.
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3.3.3 Tyre Envelopment o f  Short-Wavelength Features

Experim ental measurements have shown that truck tyres ’envelop' short wavelength road roughness 
components o f the order o f  the tyre contact length, (for example grooves in PCC pavements) (304]. 
This envelopm ent has the effect of filtering the short wavelength (large wavenumber) components 
from  the roughness spectral density Sy(K). This phenomenon is not usually very important for 
normal highway speeds, because the short wavelength components correspond to frequencies that 
are too high to excite suspension resonances.

For low speed travel on rough roads, however, tyre envelopment can be a significant factor and 
needs to be included in vehicle simulations (see Section 6.3). Various tyre envelopment models have 
been proposed, (see [86, 87]). A simple and reasonably accurate approach is to apply a moving 
average filter to the road profile before using it in the vehicle simulation. The filter should have a 
length equal to the tyre contact length [87,192, 356].

3.4 ARTIFICIAL GENERATION OF ROAD SURFACE TOPOGRAPHY

3.4.1 A Single Road Profile

Time-domain vehicle vibration simulations require road surface input profiles which are described by 
the heights of equally spaced points along the road. Such descriptions may come directly from 
m easurements of the surface roughness used to test the vehicle. However, when such measurements 
are not available, pseudo-random profiles can be generated to have spectral densities given by 
equations 3.1 -  3.3, or some other similar description.

A one-dim ensional random profile may be generated by applying a set of random phase angles, 
uniformly distributed between 0 and 2л, to a series of coefficients derived from the desired direct 
spectral density. The corresponding series of spot heights {ZfO)} at regular intervals along the track 
is obtained by taking the inverse discrete Fourier transform (DFT) [355] of the spectral coefficients1.

k=0
(3.4)

where
Sk = (2n/NA) Sn(Tie)
Si i()V) = the target spectral density 
7k = InkJNA = the wavenumber2 in rad/m
A = the distance interval between successive ordinates of the surface profile and 
{в<‘ >] = a set of independent random phase angles uniformly distributed between 0 and 2 n.

By the central limit theorem, the amplitude distribution of the {z^} series is asymptotically Gaussian 
as N—»o© [423,510].

The process is essentially the reverse of conventional spectral analysis... In spectral analysis, the 
direct spectral density is determined by squaring the spectral coefficients (outputs of the discrete 
Fourier transform), thereby discarding their phase information. In the inverse process, (equation
3.4) this information is replaced by random phases, thereby creating a 'random' profile with the 
exact target amplitude spectral density.

1 Note that the parentheses { } are used to denote a series of values.

The two different wavenumbers y  (rad/m) and к  (cycles/m) have a similar relationship to the angular frequency 
o> (rad/s) and the temporal frequency f (cycles/s). namely: y= 2пк. The relationship between the corresponding 
spectral densities is S(y) = (1/2я)5(кг). (see [356]).
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3.4.2 A Pair o f Correlated Road Profiles

If two tracks are needed across a surface - eg for simulating three-dimensional vehicle models, a 
second correlated random profile may be generated in a similar way to the first, (f the second track 
has direct spectral density 8 2 2(1 ) and the cross spectral density between the two tracks is Sj2(y), 
then the second track is generated by summing two independent series [ y ^ \  and The
(y^)} series uses phase angles given by

where {^,2t) are the phase angles of the cross spectral density. The series [y^ \ i s  therefore 
correlated with the first track. The {vv£2)} series uses a new set of random phase angles {0^}, also 
uniformly distributed between 0 and 2ft, and so it is not correlated with track 1.

The series for the correlated component is given by

N- 1 ____ +——-1

*=0
r  = 0,1,2..... ( N - 1). (3.6)

and the series for the uncorrelated component is given by

.(2) r = 0,1,2..... ( Л / - 1),

where

(3.7)

* .J b L
* S iikb ik

(3.8)

is the ordinary coherence function between the tracks, and 5* = (2ntNA)S(yk\ as before. The 
second track is then given by

z(2) = y(2) + w(2)  ̂ r = 0ejf2..... (tf - 1). (3.9)

When the ensemble averages are calculated, {z^} and (z ^ )  are found to have direct spectral 
densities 5ц(у) and522(ï) and cross spectral density S i2(Y). as required [88).

The use of equations 3.4 to 3.9 to synthesise a pair of correlated random profiles requires complete 
knowledge of the direct and cross spectral densities. Although the direct spectral densities of single 
tracks along typical road surfaces are readily available from descriptions like equation 3.1 -  3.3, 
reliable cross spectral data for road profile pairs is difficult to obtain, either from the literature or by 
measurement.

Various approaches are possible:

(i) S| 1 (y) = 522(7)*and 512(y) = 0 for all wavenumbers: the two profiles have the same direct 
spectral densities but are completely uncorrelated 1111,477,478).

(ii) 5j j(y) = 522(7) = 5 |2(y) for all wavenumbers: the two profiles are perfectly correlated 
(rjl2 = 1), with the same roughness, ie identical. This is the assumption implicit in pitch- 
plane' vehicle simulations, which neglect roll excitation.

(iii) Dodds and Robson [ 159] assumed a simple analytical form for the coherence rçf?( l ) . with 
S| ,(y ) = 522(7) and у/|2(у) = No physical reason was provided for their choice of 
function, although it has been suggested [157, 158, 270] that S |2<Y) is often real valued 
( V )2 (7) = 0) for road surfaces.
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(iv) 7712( 7) can be obtained from measurements o f two tracks along a road. In this case the two 
artificial profiles will have the same statistics (direct and cross spectral densities) as the 
m easured surface, but different details * as if the real profiles and the measurements were 
different samples of the same random processes.

(v) Л\2(У) can be obtained from a model of the correlation between the tracks (eg those used by 
Rill (388] and by Ruf [398]). Of those available, the ’isotropic’ surface model is the most 
popular.

The concept o f  a homogeneous, isotropic and Gaussian surface, whose Statistical properties are the 
same everywhere and have no directional bias, has been discussed in the theoretical literature [158, 
230, 269, 270]. Such a surface has a real-valued cross-spectral density between the profiles of 
parallel tracks, and this may be calculated from the autocorrelation function (or direct spectral 
density) of a single track across the surface. This property allows the profiles o f two correlated 
parallel tracks to be generated using equations 3.4 to 3.9. Note that in order for the direct spectral 
density of the surface to be admissible, it must decrease monotonicaUy with increasing wavenumber 
1230, 269].

The cross-correlation function between two parallel tracks spaced distance b apart on an isotropic 
surface may is given by

= Л ц(л/х2 + Ь 2 |  (3.10)

where R \ i(x) is the autocorrelation function along a single track on the surface [158,270].

The cross spectral density1 2 is obtained from the usual Fourier transform relationship:

M r ) = M r ) = ^ L * n ( V * 2 +fc2 )- '* < fc . <3.11)

Equation (3.11) can be evaluated using a method involving Bessel functions, derived by Heath 
[230], or using the discrete Fourier transform according to

_________  .2 itkr
* = ° - l,2 ,...(W -l)  (3.12)

r=0 V J

where the cross correlation coefficients Я ц и (гД)2 +h>2 J are calculated from the linear 
autocorrelation function R j j (x ) by interpolation, care  must be taken to ensure that the correct linear 
autocorrelation function is obtained, rather than the so-called circular correlation function, that is 
usually generated by the DFT [355].

Figure 3.2 shows the coherence function (generated using equations 3.8, 3.10 and 3.11) for two 
parallel tracks on an isotropic surface at various different spacings b. The direct spectral density of 
the tracks corresponds to a ’good’ road (equation 3.1), smoothed to improve its cross spectral 
characteristics2:

1 As $ i2 e $2l $12 s $2i* for.an isotropic surface, they must be real valued (^12*0).
2 Heath [230] showed that the cross spectral density (and hence the coherence function) depends on dS(Y)/dy - the 
derivative of the direct spectral density.
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where kco is a low wavenumber cut-off, which was set to 0.1/2Я cycles/m, and the other 
parameters correspond to those in equation 3.1.

Figure 3.3 shows sections of two tracks along the isotropic surface, spaced 2m apart, generated 
using equations 3.4 to 3.9. The RMS profile roughness is approximately 12mm. At small 
wavenumbers (long wavelengths) the tracks are well correlated and the coherence approaches unity1. 
This is an intuitive result, since it is expected that for long wavelengths (it  travelling over 
’mountains') two parallel tracks on a surface will essentially follow the same undulations. 
Conversely at large wavenumbers, the coherence goes to zero, since the profiles are uncorrelated at 
short wavelengths - eg travelling over 'pebbles'.

1.0E-02 1.0E-01 1.0E+00 l.OE+Ol 1.0E+02
Wavenumber (rad/m)

Fig. 3.2 Coherence between two parallel tracks across an isotropic surface with a 'good* ISO spectral density.

Distance (m)

Fig. 3.3 Two parallel tracks across a 'good' isotropic surface at a spacing of 2m. The second track has been shifted 
up by 10mm for clarity.

1 Note that the coherence function does not necessarily always approach unity at small wavenumbers: the limiting 
value depends on the low frequency behaviour of the direct spectral density. See Heath (230J for details.
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3.4,3 More than Two Random Profiles - an Entire Isotropic Surface

To generate the profiles o f more than two parallel tracks across a fully isotropic surface, a two* 
dimensional inverse DFT must be used. Assuming isotropy, a complete two-dimensional surface 
can be generated from a one-dimensional spectral density. The method is discussed in detail in [100, 
355]. An example is given in [100], in which a sample surface is generated from the measured one
dimensional spectral density of a rough 'pavé' test track. Some one-dimensional statistics of this 
surface are computed. This topic will not be pursued further here.

3.5 CONCLUSIONS

(i) Spectral descriptions o f road roughness profiles are well established and can be used directly 
in frequency-domain simulations of vehicle response to road roughness.

(ii) Methods for generating artificial road profiles from spectral densities of the roughness of 
single tracks are well understood and straightforward. Such artificial profiles can be used in 
time-domain simulations of the response of'’pitch-plane* vehicle models.

(iii) Pairs of pseudo-random road surface profiles can be generated for parallel tracks across a 
surface, providing the direct spectral densities of the two tracks and the cross spectral density 
between them are known. The assumption that the surface is isotropic can be used to 
generate suitable cross-spectral densities. Such pairs of artificial profiles can be used in time- 
domain simulations of the response of three-dimensional vehicle models.

(iv) If the profiles of more than two parallel tracks are needed, it is possible to use a method 
involving the two-dimensional DFT to generate a complete pseudo-random isotropic surface.
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4.1 SUMMARY

An examination is made of the force developing characteristics of road vehicle leaf springs under 
realistic broad band random loading conditions. A program of laboratory measurements on two 
vehicle springs is described. The measured responses are compared with digital computer 
simulations of the springs which use empirical descriptions of their low frequency (quasi-static) 
behaviour. It is concluded that two different empirical descriptions can be used for predicting 
accurately the forces developed by typical road vehicle leaf springs to at least three times the highest 
frequency of major excitation. Both require a detailed knowledge of the small amplitude, low 
frequency behaviour of the springs at the static load of interest. The popular Coulomb friction model 
of leaf spring behaviour is shown to be inaccurate throughout the entire frequency range.

A laboratory rig for testing hydraulic dampers using the 'hardware-in-the-loop' method is 
described. A mathematical model of a hydraulic shock absorber is then developed. The model is 
suitable for vehicle simulations and has seven parameters which can be determined by simple 
dynamic measurements on a test damper. The shock absorber model is validated under realistic 
operating conditions using the test rig, and the relative importance of various features of the model on 
the accuracy of vehicle simulations is investigated.

Two strategies are investigated for controlling a semi-active damper to track a prescribed force 
demand signal: (i) 'open loop' control, using a model of the damping force versus velocity 
characteristics; and (ii) force feedback (closed loop) control. The damping characteristics and 
switching transients of a prototype damper were measured, and used to develop a mathematical 
model of the dynamics of the damper. The two control strategies were investigated using an 
idealised (constant velocity) test. Their performance was also simulated and measured under realistic 
operating conditions using the Hardware-in-the-Loop testing method Open loop damper control 
was generally found to give superior performance to force feedback control, due to its smaller phase 
lag at high frequencies.

This chapter is based on work that was previously published in [89] and [55. 56].

4.2 INTRODUCTION

In order to simulate accurately the vibration of heavy vehicles subjected to road surface roughness, it 
is necessary to model the nonlinear characteristics of their suspension elements This is the subject 
of this chapter.

4.2. J Leaf Springs

Leaf springs are the most common suspension elements in modem commercial road vehicles They 
are nonlinear devices which dissipate energy through interleaf friction and which have force 
developing characterisucs that are dependent on the static load and the amplitude of imposed
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displacements. Detailed knowledge of these characteristics is necessary for accurate computer 
simulation of the vibration of many commercial vehicles.

Traditional calculations o f the behaviour of leaf springs were based on simple beam theory. Various 
authors have extended the calculations to include large deflections [253], dual rate springs [333, 
397]. stiffness modification due to shackles [11], initial camber [201] and constant cross section 
(single leaf) design [201] (applicable to composite springs). These calculations neglect interleaf 
friction but provide designers with estimates o f spring rates for large deflections.

Fancher et al [175] performed a series of sinusoidal tests on heavy vehicle springs and concluded 
that providing a correction is made for the effective inertia of the spring, the shape of small amplitude 
hysteresis loops is independent of stroking frequency. They therefore recommended the use of 
equations representing low frequency (quasi-static) hysteresis characteristics for the description of 
high frequency response in vehicle simulations.

A common description of leaf spring hysteresis characteristics used in early vehicle simulations is the 
combined (parallel) linear spring and Coulomb friction element (see for example [161, 252, 478, 
509]). The accuracy of this model can be unsatisfactory. Some workers have attempted to describe 
measured low frequency force-deflection characteristics. Potts and Walker 1377] tabulated the large 
deflection behaviour o f m otor cycle coil springs used in their 1/8 scale model articulated vehicle 
study. The tables were interrogated directly in a computer simulation. Kunjamboo et al [292J used 
a fitted force-deflection characteristic w ith divergent loading and unloading curves linked by 
parabolic transition curves. Fancher et al [175] devised an empirical equation in which the spring 
force decayed exponentially (with displacement) towards arbitrary ’envelope’ curves.

The high sensitivity o f simulated vehicle responses (and particularly dynamic axle load calculations) 
to spring model assum ptions was shown by Sayers and Gillespie [405]. As a result of this 
sensitivity, it is important to establish the expected accuracy and limitations of the leaf spring models 
used in commercial vehicle vibration simulations.

Section 4.3 describes an experimental investigation into the behaviour of some typical automotive 
leaf springs for realistic operating conditions, and examines the accuracy of three alternative spring 
models, suitable for use in vehicle vibration simulations.

4.2.2 Hydraulic Shock Absorbers

Hydraulic shock absorbers (dampers) are common suspension elements in modem commercial road 
vehicles. Their nonlinear force generating characteristics depend on the amplitude and frequency of 
the imposed motion. Accurate mathematical models o f the ride dynamics of commercial vehicles 
require detailed knowledge of these characteristics.

Published work on the behaviour of automotive shock absorbers has focused on devices for 
passenger cars. This work has utilised three approaches, of varying complexity:

(i) Segel and Lang [419] presented a detailed mechanistic model of a shock absorber, based on 
the internal pressure/flow processes. The model had 82 parameters, was computationally 
complex and not suitable for comprehensive vehicle simulation studies. Hall et al [217] used 
this model in a quarter car vehicle simulation and established that typical linear and bi-linear 
models of dampers are inaccurate and lead to over optimistic estimates of ride performance.

(ii) A nonlinear shock absorber model suitable for vehicle simulation was described by Karadayi 
[272]. This model was based on an experimental study of two passenger car shock 
absorbers. The model included hysteresis due to fluid compressibility and backlash, in 
addition to asymmetric damping and dry friction. Good agreement between experimental 
measurements and theoretical predictions was found for tests at 0.2Hz, but no experimental 
results were presented for higher frequencies.
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(iii) The application of harmonic and stochastic linearisation procedures to shock absorber 
dynamics was discussed by Wallaschek (485J. A linearisation procedure using experimental 
data was introduced, leading to a comparison of some simple dynamic models of a particular 
shock absorber, with experimental results. Wallaschek's analysis showed that simple models 
with a small number of parameters did not describe the behaviour of shock absorbers 
adequately.

The objective of the research described in Section 4.4 was to develop an accurate semi-empirical 
damper model with the fewest possible parameters, and to investigate the sensitivity of simulated 
vehicle responses to various simplifications of the damper model.

4.2.3 Controllable (Semi-Active) Dampers

A semi-active damper is a suspension damper which is able to dissipate energy at a continuously- 
variable, controllable rate. The damper is switched off when the control action requires the damper to 
feed power into the suspension. Very little work has been published on the use of semi-active 
dampers in the suspensions of heavy goods vehicles, largely because suitable hardware is not readily 
available. Some previous work is reviewed briefly in Chapter 26. (See also 153]).

Most theoretical studies of semi-active suspension systems have assumed that controlled dampers 
can track a prescribed force demand perfectly (when they dissipate energy). This assumption is not 
accurate for many real controllable dampers because of time delays, valve dynamics, friction, and 
limits on the range of possible damping coefficients. To quantify the errors caused by implementing 
continuous control strategies using a real semi-active damper, and the potential performance 
improvements of semi-active compared with optimised passive systems, it is necessary to investigate 
the force tracking ability of such a damper.

In Section 4.5 a prototype continuously variable semi-active damper, provided by a European 
manufacturer, is studied. The damper is designed for use in passenger cars (a suitable truck damper 
could not be found at the time of the research). Control strategies for vehicles incorporating semi- 
active dampers are discussed in Chapter 26.

4.2.4 Other Suspension Elements

Heavy vehicle suspension systems can contain combinations of suspension elements with linkages, 
sliding ends, bump stops, flexible bushes and so on. These systems will not be discussed in detail 
here, other than to say that their behaviour can often be modelled by combining the leaf spring and 
damper models described here with other simple mechanical elements. Some examples can be found 
elsewhere in this book:

S u sp en sio n D escription Section of book
Single-point tandem 
suspension 
(figure 2.1c)

Centrally pivoted leaf spring with an axle connected 
to each end, and a complex frictional torque 
restricting pitch motion of die assembly.

6.3

Four-spring tandem 
suspension 
(figure 2 .le)

Two leaf springs with sliding ends, connected by a 
pivoted link.

6.4 and 24.4

Walking-beam 
tandem suspension 
(figure 2.1a)

Centrally pivoted rigid beam with an axle connected 
to each end, and a steel leaf spring or rubber spring 
connecting the centre of die beam to the frame.

5.3

Air suspensions 
(figure 2.ig,h)

Rubber air bags with associated linkages. The air 
bag can often be considered as a linear spring.

22.3 and 25.7

Independent air 
suspension

Two separate trailing arms -  one at each end of the 
axle.

24.8 and 25.5
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4.3 LEAF SPRINGS

43.1 Leaf Spring Testing Apparatus

A testing machine consisting of a stiff frame, spring mounting and loading assembly and a 
preloading arrangement using air springs, was fabricated. An electrodynamic vibrator with 20mm 
(peak to peak) maximum stroke, dynamic force limit of 1.5kN p-p (up to 5kHz) and maximum 
power of 1 kW was used to excite the centres of the springs.

The instrumentation consisted o f a strain-gauged load link, which measured the applied force, a 
linear resistive displacem ent transducer and an accelerometer which m onitored spring centre 
deflections and accelerations respectively. This arrangement was similar to that described by Fancher 
et al [175] and is discussed in more detail in [88].

A series o f  steady state harmonic tests and random input tests were performed on two different 
lightweight leaf springs from an off road utility vehicle (gross vehicle mass approx 1.2 tonnes). 
Practical limitations prevented the testing o f  heavy truck springs, however the results are expected to 
be broadly similar to those shown here.

4.3.2 Experimental Results

S in u so id a l L oad  C y c lin g

In order to verify the conclusion o f Fancher et al [175] that the force-deflection characteristics of leaf 
springs are independent o f load cycling frequency, a series o f steady state harmonic tests was 
performed. Each spring was loaded to typical in-service static loads (corresponding to laden and 
unladen vehicles) and cycled over various displacement amplitudes for frequencies up to 18Hz. The 
magnitude of the inertia correction was established experimentally, and found to be 70%-90% of the 
total mass of the spring and clamp assembly, depending on the distribution of mass along the spring.

Figure 4.1 shows typical results. The effect of the inertia correction can be seen in the last frame of 
the figure. Considerable high frequency noise (at approximately 200Hz) is observed at high cycling 
rates. This can be attributed to beaming vibration of the test specimen [334] and structural vibration 
of the apparatus [88] and is well above the frequency range of interest. These results verify the 
conclusions of Fancher et al.

A series of low frequency sinusoidal tests (2.7Hz) were performed at static loads corresponding to 
vehicles in the laden and unladen conditions (1.47kN and 2.94kN). The displacement amplitude was 
varied within the available stroke of the vibrator (20mm p-p) and empirical equations were fitted to 
the resulting force-deflection characteristics. The average force and displacement levels were 
removed as they were found to prevent accurate fitting of the empirical equations. These fitted 
equations were used for predicting forces in the random-input tests described later.

The equation presented by Fancher et al [175] formed the basis of the fitting procedure:

&  Fa v - F
Э6  p ’

(4.1)

where
F = Spring force (N)
Fenv = Force on the envelope at the 6 o f interest (N) (upper boundary for increasing 

deflection and lower boundary for decreasing deflection)
5 = Spring deflection (m)
P = Decay constant (m).

For sufficiently small time steps, a valid digital solution to (4.1) is



SUSPENSION COMPONENTS 33

Fi = Fenv, + (F,_, -  Fe„Vi)e-l5>-8'-.l/P, (4.2)

where subscript Y indicates the current simulation time step and 'i-Г the previous time step. In this 
study, linear envelopes of the form

^envg = ^u^ + ^u af,d ^env, = fyS + F/ (4,3)

were found to be adequate. Subscript 'u' indicates the upper envelope and T the lower envelope.
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Rg. 4.1 The effect of cycling frequency on hysteresis loops. * = no correction for effective inertia. From [89].
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It was found that equation 4.2 could be fitted quite accurately to a particular measured hysteresis 
loop. In some cases it was found to be desirable to use different decay constants and (}/ for the 
loading and unloading curves. It was also found that the parameter values (кц, k/, Fu, F/, p u and p/) 
for the closest fit were strongly sensitive to the displacement amplitude. As a result it was not 
possible to fit equation 4.2 to all hysteresis loops developed by a spring at a given preload, using a 
single set of fitted parameters.

Three fitting procedures were therefore employed:

(i) Equation 4.2 was fitted to a hysteresis loop with displacement am plitude near to the 
anticipated RMS of the road surface input. This procedure will be known as the 'direct1 
method. Typical results are shown in figure 4.2.

(ii) It was assumed that small force variations would follow curves defined by the projection of a 
'base' loop of large amplitude generated from equation 4.2 (see figure 4.3). This procedure 
(known as the 'projection' method) requires the additional knowledge o f the base loop 
amplitude (5o) and the displacement at the last turning point (points A and B on figure 4.3). 
Figure 4.4 shows typical results of this procedure.

(iii) To compare procedures (i) and (ii) with the popular simple Coulomb friction model of leaf 
spring behaviour, equation 4.2 was used with pu = Р/ = 0.1mm, giving sharp vertical 
transitions between the upper and lower envelopes (figure 4.5).

Once the empirical parameters were established, each of these fitting procedures was used to simulate 
the response of leaf springs to random inputs as described in the following section.

Spring No. 2
Static load «  2 .94  kN
Spring equation param eters:

K ш 9 0 .0 kN/m
Ц - 9 0 .0 kN /m

f c - 0 .7 mm
A - 0 .7 mm
f - - 340 .0 N
F, « - 3 1 0 .0 N

Fig. 4.2 Comparison of measured hysteresis loops and responses computed by the 'direct' method. Equation 4.2
was fitted to the loop of amplitude (approximately) 3 mm. From [89].

R espon se To R andom  E xcita tion

In order to provide a realistic environment for the test specimen a simple nonlinear 'quarter-car' 
vehicle simulation (with two degrees of freedom) was excited by a random road profile signal. The 
quarter-car model does not contain the detailed suspension nonlinearities and complexities of sprung 
mass motion that are typical of heavy vehicles [118, 121], however the suspension deflection has
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appropriate amplitude and frequency content for testing of suspension components under relatively 
realistic operating conditions. (See Chapter 5 for further discussion of this model.)

The relative displacement of the sprung and unsprung masses provided the input for the 
electrodynamic vibrator (figure 4.6). Displacement feedback reduced errors between the target and 
measured spring displacements. The measured spring displacement and inertia-correctcd force 
signals were digitised and theoretical force time histories were computed from the displacements, 
using the three simulation methods. The vehicle model parameters can be found in [89].

Fig. 4.3 The ’projection* fitting procedure line AB is the projection of A’B' on the base loop. Similarly BC is the 
projection of B"C". From [89].

Spring No. 2
Stotic load -  2.94 kN
Spring equation parameters;

K  = 60.0 kN/m
K = 60.0 kN/m
А ,- 1.2 mm
A - 1.2 mm

460.0 N
F» - -410.0 N
*0« 7.3 mm

Fig. 4.4 'Projection* fit to measured hysteresis loops. From [89],
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Spring No. 2
Static lood -  2 .94  kN
Spring equation porametarr.

K. “ 60.0 kN/m
ц - 60.0 kN/m

0.1 mm
A - 0.1 mm
F .- 400.0 H
F, « -3 5 0 .0 N

Fig. 4 JS Sim ple Coulomb mode) o f  leaf spring behaviour (equation 4.2 with {Ц, *  Р/ = 0.1 mm). From [89].

Fig. 4.6 Block diagram of apparatus and analysis for random excitation tests. From [92].

The vehicle simulation parameters were chosen to represent 1/4 o f a lightweight utility vehicle. The 
suspension spring was modelled by a linear spring and an optional parallel Coulomb friction element, 
designed to dissipate the same amount o f energy as the test specimen over a 10mm (p-p) 
displacement cycle.
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The road profile input had a 'one-sided' displacement spectral density of the form

s uuW = 7— S° ,2 (m3/rad)
(l+Y/Yo)

(4.4)

where
y  = wavenumber in rad/m 
70 =0.15 m/rad
S0 2.6 x 10-5 m3/rad.

This approximated the roughness of a good highway (see Section 3.3). It was converted to temporal 
inputs at 40 and 60 km/h by filtering an analogue white noise with a first order low-pass filter. The 
stroke limit of the vibrator (20mm p-p) prevented the use of rougher road profiles or higher speeds. 
Tests on the two springs were performed using identical vehicle simulation parameters.

Cross-spectral analysis was used to determine:

(i) Snun(f) = Direct spectral density of the measured force Fm(t).

(ii) Scc(f) = Direct spectral density of the computed force Fc(t).

(iii) Sec(f) = Direct spectral density of the force error [Fe(t) = Fm(t)-Fc(t)],
^mmCO+SccCD-^Rej Scm(f)}

(iv) T |(Q  = See(f)/Smm(f)= Normalised Error.

The Normalised Error should be small but may exceed unity if, at some frequency, the spectral 
component of the computed force is significantly larger than the spectral component of the measured 
(target) force.

A total of 10 tests were performed on the lightweight springs from the full matrix of 16 parameter 
combinations (2 springs, 2 static preloads, 2 simulated vehicle speeds, optional simulated suspension 
spring friction). All three theoretical spring models were examined for each test. Both springs 
yielded similar results for all parameter combinations, hence discussion will be restricted to one of 
the springs in the laden condition (static load = 2.94kN), with no Coulomb friction in the input 
vehicle simulation. An equivalent set of results for the case with Coulomb friction in the input 
vehicle simulation can be found in [891. The results are broadly similar, (except there is only one 
main excitation frequency instead of two) and the general conclusions are the same.

Typical measured and simulated forces and the associated input displacements are presented in 
figures 4.7-4.9. Figure 4.7 shows the force response time histories for the three spring models as 
well as the spring displacement. Figure 4.8 shows the corresponding spectral densities, while 4.9 
shows the normalised error tj for each simulation method.
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Fig. 4.7 Random spring force predictions. ----------------= measured; ............. = computed. From [92],
(a) Spring force: Direct method (see figure 4.2)
(b) Spring force: Projection method (see figure 4.4)
(c) Spring force: Simple Coulomb model (see figure 4.5)
(d) Spring displacement.
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Fig. 4.8 Comparison between spectral densities of the measured forces ( S ^ ,  computed forces (Sœ) and the force 
error (See) for the duee calculation methods. From [92].

(a) Direct method (see figure 4.2 and figure 4.7a)
(b) Projection method (see figure 4.4 and figure 4.7b)
(c) Simple Coulomb model (see figure 4.5 and figure 4.7c)

Given the frequency independence of leaf spring response, verified above, simulation errors must be 
attributed to:

(i) Lack of fit of the simulation equation

(ii) Noise and extraneous vibration of the apparatus and test specimen.

The 'simple Coulomb' model considerably overestimates the forces throughout the frequency range 
(figures 4.8c and 4.9) due to its poor fit (figure 4.7c). When the input simulation includes 
suspension friction, the simulated force may oscillate between its limiting friction levels during 
periods of inactivity (not shown - see [89]). This leads to large errors.
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Fig. 4 .9  Normalised error o f  each simulation method (corresponding to figure 4.10). From [92].

The 'direct' and 'projection' sim ulation m ethods are seen to predict force levels quite accurately 
(figure 4.7a,b) particularly between 2Hz and 12Hz (figure 4.8a,b). Poor estimation of forces for 
large displacements (figure 4.2) results in low frequency errors for the direct method (figure 4.9). 
Above 12Hz the equations must simulate higher harmonics of the responses at the major excitation 
frequencies. The direct method appears to perform  slightly better than the projection method (figure
4.9) due to its better fit for small amplitudes. The low signal/noise ratio and structural vibration of 
the testing machine increase the errors at high frequencies.

Acceptable accuracy (r\ < 0.25) was obtained for both methods up to approximately 36Hz for the 
linear analogue model (figure 4.9). W hen the analogue m odel contained friction the maximum 
frequency was approximately 24Hz (See [89]). Sim ilar results were observed in all other tests. This 
indicates that either method could be used confidently to approxim ately three times the highest 
frequency of major excitation, providing the em pirical equation is fitted accurately to the low 
frequency force-deflection characteristics.

It is probable that empirical relationships can be found which describe more accurately the measured 
hysteresis loops of these springs. The relationship that is used in a vehicle simulation should be the 
most accurate one available, however it is clear that reasonable amount of error in the empirical 
equations can be tolerated. For the springs examined in this study, the accuracy of the fits seen in 
figures 4.2 and 4.4 would be adequate throughout the frequency range o f interest in whole vehicle 
vibration studies.
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4.4 HYDRAULIC DAMPERS

4.4.1 Experimental Method

The characteristics of hydraulic shock absorbers can be measured under realistic operating conditions 
using: (i) an instrumented damper fitted to a test vehicle, driven over a particular road surface [160, 
234, 287, 308], or tested on a Toad simulator' [153, 244]; (ii) using a model vehicle test rig; or
(iii) using the 'Hardware-in-the-Loop' (HiL) measurement method [54,410].

The HiL method was chosen for this study because it can provide a realistic and repeatable testing 
environment with low hydraulic power consumption and relatively low cost It is straightforward to 
change the vehicle model parameters, and so a wide range of operating conditions can be investigated 
in the laboratory. The method can also be used for investigating the performance and control of 
semi-active dampers, as discussed in Section 4.5 (see [54]).

H ardw are In the Loop Method

HiL measurements of suspension damper performance utilise a real time computer simulation of a 
vehicle, interfaced to a test rig containing the damper of interest, as shown schematically in 
figure 4.10. The computer model includes the sprung and unsprung masses, the tyre and 
suspension spring stiffnesses and the road excitation, but not the suspension damper. On each 
integration time step, the computer provides a displacement demand signal to the test rig, through a 
digital/analogue interface. The test damper is driven by a hydraulic actuator which tracks the 
demanded displacement. The force generated by the damper is measured by a load cell, and ted back 
into the simulation via an analogue/digital interface. Thus the simulation behaves as if it contains an 
'exact* model of the real damper, and the damper is tested in the realistic (but idealised) operating 
conditions of the simulation.

In the following sections, the HiL hardware is described briefly. The design of the HiL simulation 
software, the hardware/software interface, details of the numerical integration routines and errors 
associated with HiL testing are discussed in [55].

Fig. 4.10 Schemaüc diagram of Hardware-in-the-loop testing apparatus. From [55].

A p p ara tu s

The test rig frame consisted of a stiff solid steel foundation block (1.51m x 0.68m x 0 18m) clamped 
between two steel U sections, securely bolted to the thick concrete slab floor of the laboratory The 
hydraulic actuator was mounted vertically onto the foundation block using a welded steel angle
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bracket fabricated from 30 mm thick steel plate. A similar bracket was made to hold either a damper 
end or a strain gauged load cell. The load cell, the damper mounting pieces and the top angle bracket 
had interchangeable connections in order to provide a versatile system for mounting most common 
sizes and types of hydraulic shock absorbers.

The instrumentation system consisted of:

(i) A strain gauged load cell, connected to a conditioning module in the actuator controller;

(ii) A LVDT displacement transducer built into the actuator;

(iii) A piezoelectric accelerometer and charge amplifier with a low frequency cut-off of 0.3 Hz, 
used to measure vertical acceleration of the actuator;

(iv) A personal computer, fitted with an analogue/digital interface card with eight channels of 12- 
bit analogue-lo-digital converters, two channels of 12-bit digital-to-analogue converters, 
and maximum data acquisition rate of 91 kHz.

To minimise phase lags, all signals were digitised and read into the computer without any analogue 
filtering or processing. Anti-aliasing filters were not necessary because the dynamics of the actuator 
and damper system eliminated high frequency components.

The test rig was fitted with a hydraulic actuator with a 250 mm nominal stroke, capable of generating 
a force of 25 kN. It included a servo valve with a rated oil flow of 38 1/min and was driven by a 
hydraulic power supply with 4 0 1/min maximum flow and 280 bar operating pressure. The nominal 
bandwidth of the hydraulic actuator system was 40 Hz.

Two shock absorbers were investigated:

(i) A standard twin-tube shock absorber for the drive axle of a Ford/Iveco tractor;

(ii) A semi-active damper used in 'passive' mode, provided by the Lord Corporation.

This chapter discusses the results for shock absorber (i) only. Results for (ii) can be found in [55]. 

Vehicle Sim ulation

The HiL computer model was a two-degree-of-freedom 'quarter car' model, which represents one 
wheel station of a heavy vehicle, as shown in the left hand block in figure 4.10. Three different sets 
of parameters were used in the quarter-car model to simulate three different heavy commercial 
vehicles. Vehicle model 1 had parameters representative of a lorry with a typical leaf spring 
suspension, while model 2 had parameters representative of an air spring suspension. Model 3 had 
considerably reduced masses and stiffness to enable HiL damper tests with large damping ratios. 
Scaling down the vehicle model parameters was found to give more stable operation of the HiL 
apparatus than scaling up the damping force by an equivalent amount. The parameters of the three 
vehicle models are provided Table 4.1.

Model Parameter Vehicle Model
1 2 3

Sprung mass M 4450 kg 4450 k* 1112 4
Unsprung mass m 420 4 420 4 105 kg
Suspension stiffness Ks 1000 kN/m 500 kN/m 125 kN/m
Tyre stiffness K, 1950 kN/m 1950 kN/m 487 kN/m

Suspension damping* c, 15 kNs/m 20 kNs/m 20 kNs/m

Table 4.1 Parameters values for the three quarter-car vehicle models used in the HiL tests. 
* Optional suspension damping
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The performance of the suspension was assessed using three response parameters (422): RMS tyre 
force (TF), RMS body acceleration (BA) and RMS suspension deflection (SD). The RMS tyre force 
influences the road damage caused by the vehicle and also its road holding. RMS body acceleration 
is a useful criterion for driver ride comfort and payload vibration. RMS suspension deflection is a 
measure of the working space required by the suspension.

The vehicle models in the HiL apparatus were excited by artificially generated random road profiles 
with spectral densities given by equation 3.2 using n = 2.5. Three road profiles, representative of a 
motorway, a principal road and a minor road were used. The simulated vehicle speeds were different 
on each profile, to represent typical operating conditions, as shown in Table 4.2 below. Road 
surface profiles were generated from the prescribed spectral densities using the inverse FFT method 
described in Chapter 3.

Profile So (m l/2/cycle*/2) Speed (km/h)

Motorway 7 x I 0 8 110

Principal road 44 x 10'8 80
Minor road 135 x I0-* 50

Table 4.2 Road profile parameters used in the HiL tests, n = 2.5 for ail profiles. (See equation 3.2).

HiL M easurement Errors

The errors resulting from the imperfect dynamics of the HiL apparatus (hydraulic actuator, servo
valves, etc) are discussed in [55].

Virtually no difference was found between the spectral densities of the HiL system and the theoretical 
responses at frequencies less than 8Hz. At higher frequencies the magnitudes of the spectra differed 
slightly and the frequency of the wheel hop mode of vibration of the HiL vehicle model increased, 
due to the phase lag in the HiL apparatus. The resulting RMS errors, for principal road input 
conditions were found to be relatively small at 0.26%, 0.63% and 0.62% for RMS tyre force, RMS 
body acceleration and RMS suspension deflection respectively.

4.4.2 A Simple Damper Model for Vehicle Simulations

In this section, a simple mathematical model of a hydraulic shock absorber is developed and used to 
verify the accuracy of the HiL procedure described in the previous section. The performance of the 
shock absorber model is then tested under realistic operating conditions and the relative importance of 
various features of the model are investigated.

The Damper Model

The shock absorber was subjected to sinusoidal displacement inputs at various frequencies. From 
these tests the main features of the response could be identified:

(i) Asymmetric damping, (different rates in compression and extension);

(ii) Hysteresis;

(iii) Saturation at high force levels.

Hysteresis in the force-velocity curves is caused by the compliance of the rubber bushings and the
damping fluid (mainly due to entrapped gas). The saturation force level is set by a relief valve in the 
damper, and prevents it from producing excessive force levels.

The shock absorber model is shown schematically in figure 4.11. It includes a nonlinear viscous 
damping element connected in series with a nonlinear spring. The viscous damping clement is 
modelled using three damping rates: a low damping rate Cc for compression and a high rate Ce for
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extension, levelling off to a lower rate Q> above a saturation velocity уцт . When a periodic input 
is applied to the damper, there is a phase lag in the increase of chamber pressures at the start of the 
compression and extension cycles [272]. This build up of pressure is included in the model by a 
smooch hyperbolic transition of the damping coefficient between compression and extension values. 
This gives a velocity dependent damping coefficient C(v) for damper velocities v below the 
saturation velocity:

where v

C(v) = ----C^ v ~°ft- r + C l, for V < Vlin,

= velocity across viscous damping element = io - i ;
a = damping transition parameter.
ci = (Ce-CcV2;
C2 = (Ce + Cc)/2.

Figure 4.12 shows transition of the damping coefficient C(v) between the compression and 
extension rates for various values of a .

Fig. 4.11 Hydraulic shock absorber model From [551.

Using C(v) from equation 4.5, the viscous damping force Fv can be written as
|C(v) V. for V <  V|im (4.6)

y "  | c e V|in) + Cb (V -  v,in)). for V â  V|jm.

The compliance of the shock absorber is modelled by a cubic spring,

Fc = ki x + кг x3. (4.7)

where k| and kî are coefficients describing the force deflection characteristic of the spring and x is 
the relative deflection of the spring. Equating the spring and damping forces of equations 4.6 and
4.7 gives a first order non-linear differential equation for the shock absorber model:

X =

ki x + k^ x3
C(v) + *o.

k2L±k2.*i + Çîs Çîl V|im + *0
i Q  Сь

for v < v , im

for V^Viin,.

(4.8)



SUSPENSION COMPONENTS
45

Fig. 4.12 Transition of damping coefficient between the compression rate Q  and the extension rate Q., for 
various values of the transition parameter a. From [55].

---------------  a  = 0. --------------a  = 0.07, ................. a  = 0.15.

It is usually not possible to measure the internal velocity v = *o -  * on a test shock absorber, 
however, the velocity *o applied across the entire shock absorber can be used instead of v to 
evaluate the damping coefficient C(v)**C(*o) and to evaluate the saturation condition *o <> vj,m, 
without significant loss of accuracy in the frequency range of interest.

P aram eter Identification

The parameters for the shock absorber model were obtained from measured damping force-velocity 
characteristics. The shock absorber was excited by a constant sinusoidal displacement input, and the 
damper velocity was determined by differentiating the measured displacement signal. Typical force- 
velocity characteristics are shown for various damper body temperatures in figure 4.13a. The 
results of figure 4 .13a are summarised in figure 4 .13b, where the maximum damping lorcc is 
plotted against temperature. The strong temperature dependence of damping characteristics made it 
necessary to conduct all further tests at a constant damper body temperature. A testing temperature of 
25°C was chosen.

Evaluation of equation 4.8 requires values for seven parameters: Сь, Cc, Ce, kj, кг, a  and V|jm. 
The model parameters were chosen to give good agreement with the measured force-velocity 
characteristics and are provided in Table 4.3.

Parameter \| Value
Ce 1 1Л kNs/m
Ce 21 kNs/m
Cb 6.5 kNs/m

vhm 0.175 m/s
a 0.07 m/s
ki 2 kN/mm

k2 0.16 kN/mm1

Table 4.3 Parameter values used in the damper model.
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Fig. 4 .13 Damping characteristics o f the Ford/lveco shock absorber obtained from sinusoidal velocity inputs at
frequencies o f  3 Hz, for various temperatures. From [55J.
(a) Force-velocity characteristics
(b) Maximum damping force as a function o f  temperature

The saturation damping rate Q>, the threshold velocity v|jm and the first estimate of Ce and Cc 
were taken directly from the measured low frequency force-velocity characteristic. The parameters 
k), k2 and a  were obtained by fitting the model to the measured damping characteristics at high 
frequencies. For shock absorbers with soft rubber bushings it is possible to measure k | and кг 
directly by deflecting the rubber bushings.

C om parison  of S inuso idal R esponses

The damping characteristics o f the FordAveco shock absorber are shown in figures 4.14a-f. The 
hysteresis loops are caused by flexibility o f the damper. It can be seen that there is good agreement 
between measurement and the fitted model for small amplitudes (figures 4 .14a,c,e) and high 
frequencies (figures 4 .14e,f). At high frequencies and amplitudes large enough to drive the shock 
absorber into saturation (figures 4.14b,d,f) the measured hysteresis loops are larger than the fitted 
ones. This suggests an increase in shock absorber flexibility with frequency, which may be due to 
foaming of the damper fluid. Figure 4.14a shows high frequency fluctuations in the measured
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damping force characteristic which can not be found in the model. These 'ripples' are thought to be 
caused by the dynamics of internal valves in the damper.

Overall the shock absorber model can easily be fitted to the measured characteristics over the range of 
frequencies and amplitudes typically encountered during vehicle operation, and it is therefore well 
suited to use in heavy vehicle ride simulations. Similar agreement to that shown in figure 4.14 was 
obtained for the Lord damper [55]. More recent work on various different dampers has shown that 
the model can be fitted to a wide range of other damper types.

Fig. 4.14 Force-velocity characteristics of the Ford/Iveco shock absorber obtained from sinusoidal velocity inputs at
frequencies of: From [55]. ------------- Measurement--------------Fitted model
(a),(b) 1 Hz (c),(d) 6 Hz (e),(0 10 Hz

C om parison o f Random Responses with the HiL System

The accuracy of the HiL system was verified by comparing the response of:

(i) the HiL rig incorporating the Ford/Iveco shock absorber with vehicle model 2, and

(ii) a computer simulation of vehicle model 2, using the theoretical damper model and parameter 
values described above.
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The time responses o f  body acceleration» tyre force, suspension deflection and damping force are 
shown in figures 4  l5a-d for the minor road input condition (see Table 4.2). The corresponding 
spectral densities are shown in figures 4.16a-d. All o f the figures show that the responses of the 
HiL apparatus and computer simulation agree closely. The largest discrepancy can be seen in the 
damping force spectra] density at high frequencies (figure 4.16d).

Fig. 4.15 Time histories of (a) Body Acceleration, (b) Tyre Force, (c) Suspension Deflection, and (d) Damping 
Force, for vehicle model 2, with the minor road input condition. From [55J.
--------------- = HiL measurement -----------------= Digital simulation

The combined error of the HiL apparatus and the shock absorber model can be evaluated by 
calculating the normalised RMS difference between tim e histories x(t) obtained from HiL 
measurements, and y(t) obtained from the computer simulation. This error measurement is denoted 
the 'Normalised RMS Error' (NRE):
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ГТ

NRE = 100

J(x(0-y(t))2dt

(*>). (4.9)

The Normalised RMS Error of the body acceleration, tyre force, suspension deflection and damping 
force for case shown in figures 4.15 and 4.16 were 13.1%, 20.4%, 9.4% and 44.8% respectively. 
The NRE can be seen to be a sensitive measure of the combined euor.

The same comparison was made for a matrix of tests performed with all three vehicle models (1,2, 
3) and all three road input conditions (motorway, principal road and minor road). The results are 
presented in [53], and are summarised in the following.

It was found that the damper model was accurate for vehicle models 1 and 2, giving Normalised 
RMS Errors for body acceleration, tyre force and suspension deflection less than 25% for all roads. 
Larger errors occurred for vehicle model 3, mainly due to discrepancies at frequencies higher than 
20 Hz. In this frequency range, the dynamics of the hydraulic actuator also contributes significantly 
to the Normalised RMS Error.

In general, the Normalised RMS Error between the measured and simulated damping force time 
histories was found to be larger than for the body acceleration, tyre force and suspension deflection 
time histories. This is because the dynamics of the vehicle system attenuates the inaccuracies in the 
damping model. For higher damping ratios, damping forces increasingly influence the system 
dynamics and inaccuracies in the shock absorber model lead to larger Normalised RMS Errors.

The generally good agreement between computer simulation and HiL measurements for the shock 
absorber model indicates that the HiL apparatus operates satisfactorily.

4.4.3 Damping Model Assumptions

This section examines the influence of various features of the shock absorber model on the accuracy 
of vehicle simulations incorporating the model. Five different damper model variants were derived 
by modifying the 'full' (validated) shock absorber model described by equation 4.8, as follows:

(i) No saturation: The full model, but excluding the force saturation above v = уцт ;

(ii) No linear spring: The full model, but with no linear stiffness (ki = «);

(iii) No spring: The full model, excluding all series compliance (kj = k2 = °°);

(iv) No damping transition: The full model excluding the damping coefficient transition;

(v) Linear viscous damping: The damper model replaced by a linear viscous damper with rale 
C = (C e + C c)/2.

These five damper model variants were used in the three vehicle simulations, and excited by the three 
road input conditions (Table 4.2). Equation 4.10 was used to calculate Normalised RMS Errors for 
between the time responses of: (i) a vehicle model incorporating the full validated damper model, and 
(ii) the same vehicle model incorporating each of the damper model variants. The results are 
presented in detail in [53], and are summarised for vehicle model 2 in figure 4.17.
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xl(H  *10*

Fig. 4.16 Spectral densities of (a) Body Acceleration, (b) Tyre Force, (c) Suspension Deflection, and 
(d) Damping Force, for vehicle model 2, with the minor road input condition. From (55]. 
---------------  HiL m easu rem en t---------------- Digital simulation.

No S aturation

Figures 4.18a,b compare the damping force and tyre force time histories for the full damper model 
and the modified damper model without saturation, for minor road input conditions. It can be seen 
that saturation limits the maximum damping forces, effectively reducing damping at large velocities. 
The difference in maximum damping force primarily affects the body mode of vibration as evident 
from the power spectral densities in figure 4 .19a. For smoother roads, the saturation effects are less 
important, because the suspension velocities are generally lower, and the damper does not reach the
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saturation threshold as often. Saturation was also found to be less important for vehicle model 3, 
which had a larger damping ratio and hence reduced suspension velocities (see [53]).

ш
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Fig. 4.17 Normalised RMS Errors between the responses of vehicle model 2 incorporating the full Ford/Iveco 
damper model and its variants. From [55].
SAT = No saturation, LIN Sp = No linear spring SPNG = No spring
TRANS = No damping transition LIN = Linear viscous damper
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Fig. 4 . IS Time histories o f  response o f  vehicle model 2  with a'minor* road input. From [55]. 

(a) Tyre Force (b) Damping Force
_________ Damper model without saturation--------------’Full’ damper model

*10*

Fig. 4 .19 Spectral densities o f response o f vehicle model 2 with a'minor'road input. From (55). (a) Tyre 
Force (b) Damping Force 
___________ Damper model without saturation 'Full* damper model
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No L inear Spring

A damper with no linear component in the spring stiffness produces almost no force output for small 
deflections, but a rapidly increasing force at larger deflections. This effect is similar to backlash, but 
without discontinuity of displacement.

On rough roads (eg minor road) and for vehicles with relatively less damping (eg vehicle model 1), 
damper velocities and displacements are generally large and the compliance of the damper is 
dominated by the cubic term кгх3. The linear stiffness component kjx is therefore relatively 
unimportant for these conditions. As the roughness input decreases (eg motorway), and/or the 
relative damping increases (eg vehicle 3), the damper velocities and displacements decrease, and the 
linear stiffness term becomes more important. This can be seen in figure 4.17, where the errors in 
all of the vehicle response components for ’no linear spring' are seen to increase with decreasing 
road roughness.

The amplitude of suspension deflection generally decreases with frequency (because of the nature of 
the road input), thus absence of a linear stiffness term mainly affects damper response at higher 
frequencies, and the errors are concentrated at the wheel hop peak (see (53] for further details).

N o Spring

For the Ford/Iveco damper, the linear spring stiffness term k] is relatively large and the cubic 
stiffness term k2 is relatively small (see Table 4.3). Thus eliminating all compliance has a similar 
effect to eliminating just the linear term (as in the previous paragraph). For the motorway input, 
removing all compliance causes smaller errors than just removing the linear component This result 
is not fully understood, but is thought to be related to the relative magnitudes of ki and кг for this 
damper.

No D am ping Transition

Damping coefficient transition reduces damping rates at low velocities, and therefore affects the 
response of the vehicle in the low frequency (body bounce) region. The significance of damping 
coefficient transition is largest for smooth road inputs (motorway) and higher damping ratios, when 
the damper velocities are generally low. Its significance diminishes with worsening road quality (see 
(53) for further details).

L inear V iscous Dam ping

The linear damping model is the least accurate of the five damping model variants, irrespective of the 
road input, as seen by the large Normalised RMS Errors in figure 4.17. The reasons are evident 
from the time histories in figures 4.20a,b. Note particularly the zero mean level of the force 
generated by the linear damper compared with the non-zero mean of the full damper model caused by 
its different rates in extension and compression (figure 4.20b). Despite the large differences in the 
damping force time histories there is still reasonable agreement between the tyre force time response 
(figure 4.20a), and the damper force and tyre force spectral densities (figures 4.21 a,b).

The NREs for the linear damper model do not follow a simple trend with road input conditions 
(figure 4.17), because some of the nonlinearities are important for small damper velocities, hence 
smooth roads (eg damping coefficient transition), whereas other nonlinearities are important for 
larger velocities and rougher roads (eg saturation).

In general, the more the damping force is dominated by nonlinearities, the larger the errors caused by 
using a linearised damper model. This particularly affects the damping forces at large amplitudes 
(see [53]).
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Fig. 4.20

Fig. 4.21

Time histories o f response of vehicle model 2 with a 'principal* road input. From [55]. (a) Tyre 
Force (b) Damping Force
___________ Linear viscous d a m p e r----------------'Full' damper model

xIO*

Spectral densities of response of vehicle model 2 with a 'principal* road input. From [55]. (a) Tyre 

Force (b) Damping Force
__________ Linear viscous d a m p e r--------------- ’Full' damper model
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Sum m ary

In summary, it is important to include saturation in the damper model for rougher road inputs. When 
saturation is neglected, the Normalised RMS Error for dynamic tyre forces was found to be 26% for 
vehicle model 2 incorporating the Ford/lveco damper (minor road). As the damping ratio increases, 
or road roughness decreases, saturation becomes less important.

Neglecting damping coefficient transition and the series compliance are most significant for smooth 
road inputs. Eliminating damping coefficient transition increases the response at the body mode of 
vibration while eliminating the series compliance increases the response mainly at the wheel 
resonance. The two effects were found to be of approximately equal importance causing NREs for 
tyre forces of approximately 16% (motorway). If damping is increased both effects become more 
significant.

The NREs for tyre forces using linear viscous damping were found to be large, in the range of 27% 
to 36%. This indicates that care should be exercised in the choice of linearised damper model for 
accurate simulations of heavy vehicle dynamics.

4.5 CONTROLLABLE DAMPERS

This section discusses the modelling of a semi-active damper and strategies for controlling its force 
output in response to an input demand signal.

4.5.1 Experimental Set-up

The semi-active damper investigated is shown in figure 4.22. This damper produces a force which 
is the sum of a static force, due to internal gas pressure (essentially constant), and a dynamic viscous 
damping force. The damping rate is continuously variable and set by an internal valve. The valve is 
controlled by a voltage signal U between -10V (low damping) and OV (high damping), taken 
directly from an analogue output channel of the digital/analogue interface board of a personal 
computer. The supply current for the damper valve (5 A) was taken from a 12V car battery. The 
drive electronics for the valve were supplied by the damper manufacturer.

4.5.2 Semi-Active Damper Model 

D am ping-V oltage Model

The damping force versus velocity characteristics of the semi-active damper were obtained from 
sinusoidal velocity tests with various input amplitudes, for several constant values of the control 
voltage U. The tests were performed at a constant damper body temperature, and subject to a 
maximum allowable damping force of 4 kN. Typical output is shown in figure 4.23. A linear 
viscous damping characteristic (straight line) was fitted to the measured data for each control voltage. 
This was a reasonable approximation because the damper did not saturate, had equal damping rales in 
compression and extension, and very little associated compliance (hysteresis on the force-velocity 
plot). The fitted damping coefficients provided an average damping coefficient C for each value of 
U. The resulting graph of C as a function of the control voltage U is shown in figure 4.24.

A quadratic polynomial of the form

C = a iU 2 + a2 U + a3 (4.10)

was fitted to the data for several temperature and velocity combinations and the results are shown as a 
solid lines in figure 4.24. In the following discussion, this equation is known as the ’damping- 
voltage model*. The coefficients of equation 4.10 were obtained from the least square fit. For a 
damper body temperature of 56eC and input velocity amplitude of 0.28 m/s: ai=106.9 Nsm^V'^, 
a2= 1756.3 Nsm^V"2 and a3=7505.5 N snr1.
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Fig. 4. 23 Force velocity characteristics of the test damper for various control voltages. From [56].

‘ measurement ------------------- straight-line least squares fit.
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Fig. 4. 24 Effect of temperature and applied velocity on damping-voltage characteristics. From [56],
---------------= quadratic polynomial least squares fit.

Fitting a cubic polynomial to the data gave a slightly better fit in the low damping region, U = -8V to 
-10V, however, small inaccuracies in the damping-voltage model for low values of damping have 
negligible effect on the overall dynamics of the vehicle system. The quadratic relationship has the 
advantage that it can be inverted easily and therefore it was used in the 'open loop' control algorithm 
described later.

For the tests at 36*C, the damping coefficients increase slightly due to higher fluid viscosity. This 
difference is largest at high control voltages.1 For the test carried out with reduced (halved) velocity 
input of 0.13 m/s, the damping coefficients decrease, with approximately 25% reduction al OV. 
This is mainly caused by the nonlinear variation of damping with velocity shown in figure 4.23. In 
the operating range of interest, the damping coefficients are more sensitive to velocity input level than 
to temperature.

D am ping Force Transients

A constant extensional velocity input was applied to the semi-active damper, and the damping rate 
was switched rapidly. The transient response for switching from minimum to maximum damping 
rate is shown in figure 4.25a for various constant velocities across the damper. Figure 4.25b 
shows the damping force transients (also during extension) when damping is switched from 
maximum to minimum.

Both figures show a delay of approximately 3 ms between the applied control voltage and the 
damper force response. It can also be seen that the time taken for the damping force to reach its 
steady state is essentially independent of the velocity across the damper. This indicates that a stiff 
linear compliance hugely governs the damping force transients. (This can also be deduced from the 
small hysteresis loops in the measured damping force characteristics of figure 4.23.)

For the off-on transition (figure 4.25a) the damper force rises gradually, reaching its steady state 
after approximately 15 ms. The low frequency vibration in the damping force response is due to 
transient motion of the hydraulic actuator excited by the abrupt reversal of direction associated with

1 In the laboratory investigation the errors caused by temperature variation were eliminated by conducting all tests at 
the same temperature. It would alternatively be possible to measure the damper body temperature and incorporate the 
variation of damping with temperature in equation 4.10.
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the start o f  its stroke. The on-off transient response of the damper (figure 4.25b) settles after 6 ms 
and steady state is reached. The vibration with a frequency of approximately 200 Hz in the damping 
force response is thought to be caused by a resonance in the damping valve control system.

Fig. 4. 25 Damping force transition during extension for various damper velocities. From [56].
(a) Off-on transition (b) O n-off transition

The damper responds much more quickly when switching the damping setting from on to off. This 
indicates that this process is assisted by flow forces. The 200 Hz vibration can not be seen in the 
off-on damping force transients (figure 4.25a) and this may be due to the increased damping rate not 
allowing this mode of vibration to develop.

Similar damping force transients were measured during the compression phase of the damper [53].
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D am per D ynam ics

The damper mode) is shown schematically in figure 4.26. The dynamics of the damping valve were 
modelled as a second order system with the transfer function:

Gv(s) = -Û&.
s2 + 2Çcq>s +

(4.11)

where the natural frequency щ  = 1257 rad/s (200 Hz ) and damping ratio Ç = 0.3 were estimated 
from the transients in figure 4.25b.

Damping Force 
O ffset

Fig. 4.26 Schematic diagram of the semi-active damper model. From [56].

The damping coefficient is set by the control voltage input using the damping-voltage model 
(equation 4.10). The viscous component of the damping force is then the product of the input 
velocity and damping coefficient.

The total damping force is the sum of a static force of 400 N, shown as 'Damping Force Offset’ 
(Fst) in figure 4.26 and the viscous force component. The total force is delayed in the model by 
3 ms, as found in the previous section.

This damper model is compared with experimental measurements later in the chapter.

4.5.3 Damper Force Control: Open Loop

Two input signals are required for open loop damper control, the instantaneous velocity across the 
damper v and the demanded force Fj. The difference between demanded force and static damper 
force FSi has to be provided by viscous damping. The required damping coefficient Cd to produce 
that force is:

Q  =
F d -F st

v (4.12)

and is limited within the achievable range of the damper:

Cd = Cmin Cd < Cmin
Cd = Cmax for Cd > Cmax-

Once the demanded damping coefficient has been calculated the damping-voltage model 
(equation 4.10) can be solved for the desired control voltage. This strategy automatically 
implements a control action that can only dissipate power, by ensuring that damping is set to 
minimum if the velocity and demand force have opposite signs.
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4.5,4 Damper Force Control: Force Feedback 

Semi-Active Pre-processor

The force feedback control loop is shown in figure 4.27. The 'semi-active pre-processor* calculates 
the error e between demanded force Fd and measured force Fm:

e = IFd - F st l - I F m - F s(l (4.13)

where F$t is the static force due to the internal gas pressure. (It is necessary to calculate the error 
from the absolute values o f the forces to obtain the correct control action for the damper during 
extension as well as compression.)

CONTROLLER

Fig. 4.27 Farce feedback control loop for semi-active damper. From [56]

The sem i-active pre-processor also generates an output for the 'semi-active constraint' (SAC). This 
output indicates whether the control action dissipates energy, ie whether the damper can track the 
demanded force, or whether the damper has to be switched off. If the semi-active constraint output 
is positive the damping force is controlled by the feedback loop. If  the semi-active constraint output 
is negative the damping rate is set to minimum.

Two alternative m ethods exist for calculating the sem i-active constraint, and this leads to two 
possible force feedback control strategies, both o f which were investigated in this study:

(i) ’Force feedback (velocity)', using the relative velocity between vehicle body and axle vrel to 
determine the SAC. This requires measurement o f this velocity or differentiation of a damper 
displacement signal. In this case the semi-active constraint is given by:

SACV-  sign{Vrei (Fd -  Fst)} (4.14a)

(ii) 'Force feedback (force)', using the measured damping force to estimate the sign of the 
relative velocity. (The sign o f the dynamic component o f the damping force (Fm-F st) and 
of the relative velocity vre| should be the same.) In this case the SAC is given by:

SACf = sign{(Fm -  Fst)(Fd -  F *)) (4.14b)

Linear PID Controller

The Proportional-Integral-Derivative (PID) controller takes the form:

( 4 . 1 5 )

where y is the controller output voltage, e is the error signal and Kp, Kj and Kd are the 
proportional, integral and derivative gains.
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The discrete implementation of this PID controller is given by:

Уп = Уп-1+к1еп + к2еп-1 + кзе|ь2 (416)

where subscript 'n' denotes the n* sample.

The discrete gains ki, k2 and k3 were calculated from the continuous controller gains according 
to:

k i = KP + Ki T + Kq/t

k2 = -  (Kp + 2Kd/t) (4.17)
k3 = Kd/t,

with T denoting the sampling time interval.

To prevent the integrator from saturating the output of the controller was limited to the minimum 
(Упйп) and maximum (ymax) control voltages of the damper:

Уп = ymin if Уп < Утт
Уп = Уmax if Уп > Ушах-

N onlinear G ain Compensation

The damping valve is nonlinear, as seen in figure 4.24. At low control voltages (around -8V), a 
change in the input voltage causes a relatively small change in the output force (ie low gain). At 
higher input voltages (around OV), a relatively small change is needed to obtain the same change in 
output force (ie high gain). Unless this nonlinearity is corrected in controller, the force tracking 
response will be slow at low control voltages and faster at higher control voltages (see [53]). 
Stability considerations limit the maximum possible controller gain, and the nonlinearity will 
therefore cause unnecessarily slow overall force tracking performance.

The nonlinear behaviour of the damping valve is known from the damping-voltage model C(U) 
(equation 4.10). This can be used (approximately) to implement a gain compensator, using the 
value of the control signal from the previous time step уп-ь

The nonlinear gain compensation function Кд(Уп) was given by:

Кд0(Уп) s  I J  

W a - l )

for yn S -8 V  
for yn > -8 V. (4.18)

The gain compensation functionwas calculated only in the control voltage range between -8V to OV, 
using equation 4.10 to evaluate C(yn-i). The constant b was chosen to be 300 Ns/m in order to set 
the nonlinear gain function to unity at U = -8V. For voltages less than -8V, Кап was set to unity 
because the damping-voltage-model is essentially fiat in this region (figure 4.24).

The gain-compensated output of the force feedback controller (voltage input to the damper) U was 
then (figure 4.27)

U = y„KAn. (4.19)

A computer simulation of the damper model was used to determine controller gains giving good 
dynamic response of the damper. Simulation results and measurements are compared in the 
following sections.

4.5.5 Force Tracking Tests

A force tracking test was devised to investigate the ability of the semi-active damper to follow a 
prescribed force demand signal. The damper stroke was driven by a saw-tooth displacement input, 
producing a square wave velocity, with amplitude 0.28m/s and frequency 2Hz. The damper was 
made to track a sinusoidal force demand signal of constant amplitude and frequency.
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Open Loop Damper Control

Figure 4.28a shows the measured damping force response of the open loop controller at 3 Hz 
<around the frequency of vehicle body bounce vibration), for a force demand signal of amplitude 
2 kN. The periodic spikes in the damping force responses (at 0.4 s, 1.4 s, 2.4 s) are caused by 
the discontinuities in the square wave velocity input. The damper switches on and off according to 
the sign o f the demanded force and velocity, so as always to dissipate energy. During the dissipative 
periods, the measured force tracks the phase o f  the demand signal accurately, but the measured 
amplitude is approximately 25% greater than the demanded force. This is caused by inaccuracies in 
the damping-voltage model (equation 4.10).

Figure 4.28b shows the force tracking o f the open loop controller at 11 Hz (approximately the 
wheel hop frequency) for a demand force amplitude of 3kN. Some phase lag can be observed in the 
measured response. The amplitude tracking is better for the higher force demand, because the 
overshoot is limited by the maximum force that the damper can develop at the given input velocity.

Fig. 4.28 Open-loop force tracking test (damper velocity amplitude = 0.28 m/s) with a demanded damping force of: 
(a) 2 kN at 3 Hz (b) 3 kN at 11 Hz. From (56)

• damper force - - - - - - -  demand force

The performance o f the open loop controller is expected to be least accurate for high frequencies and 
relatively low force levels. The measured perform ance in this region (1 kN, 23 Hz) is shown in 
figure 4.29, and can be compared with the simulated performance shown in figure 4.30. Figures 
4.29a and 4.30a show the force response, whereas, figures 4.29b and 4.30b show the damper 
control voltage. Measurement and simulation can be seen to be very similar, indicating that the open 
loop characteristics o f the damper are modelled accurately enough for use in controller design. The 
small discrepancy between measured and demand force amplitude is again mainly due to the 
inaccuracy of the dam ping-voltage model. N oise on the measured dam per voltage signal 
(figure 4.29b) is mainly caused by the differentiation process used to obtain the velocity across the 
damper from the measured displacement.
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Fig. 4.29 Measured force tracking of the open loop damper controller, for a demand force of 1 kN at 23 Hz (damper 
velocity amplitude = 0.28 m/s). From [56]. (a) damper force and demand (b) damper control voltage.

The disturbances at 0.12s and at 0.37s in figure 4.29, and at 0.01s and 0.25s in figure 4.30, are due 
to discontinuities in the damper velocity input. A time delay (phase lag) of approximately 10 ms can 
be seen on both the measured and simulated responses. Despite the overshoot and lime delay, the 
tracking performance is considered to be satisfactory.

Force Feedback Control

The measured force tracking and control voltage responses of the damper using the force feedback 
controller are shown in figure 4.31. The sampling frequency of the controller was set to 1 kHz and 
the gains used in experiment were: Kp = 10mV/N, Kj i  = 5mV/N and Kd/t = OmV/N. The 
semi-active constraint (SAC) was calculated using the measured damping force to estimate the sign 
of the relative velocity, according to equation 4.10b.

The amplitude of the damper force in figure 4.31a can be seen to track the demanded force more 
accurately than the open loop controller (figure 4.29a), but the phase lag is noticeably larger (approx 
12 ms for the force feedback controller, compared with 10 ms for the open loop controller). This is 
because the open loop controller has a faster dynamic response than the force feedback controller. 
Oscillations of the measured force around the static level cause the SAC to switch on and off, and 
generate the spikes in the control voltage signal in figure 4.31b.

It was necessary to use a large integral control gain in order to avoid force oscillations at large control 
voltages. The de-slabilising effects of the damping valve dynamics and the time delay limited the 
bandwidth of the controller and therefore limited the proportional gain. Derivative control was not 
found to improve the force tracking response, because large derivative gains made the controller 
respond to noise in the measured force, and increasing Kd de-stabilised the force feedback control 
loop (see analysis in [53]).
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Fig. 4.30 Simulated force tracking of the open loop damper controller, for a demand force of 1 kN at 23 Hz
(velocity amplitude = 0.28 m/s). From [56]. (a) damper force and demand (b) damper control voltage.

Fig. 4.31 Measured force tracking of the force feedback damper controller, for a demand force of 1 kN at 23 Hz
(damper velocity amplitude = 0.28 m/s). From [56].
(a) damper force and demand (b) damper control voltage.
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The force tracking response was also measured at a lower sampling rate of 600 Hz {53]. This 
increased the phase lag slightly, but the amplitude performance was essentially unchanged from 
figure 4.31.

Vehicle dampers are subject to a wide range of input velocities and operating conditions. It is 
therefore difficult to draw definitive conclusions about control of real dampers from the simplified 
constant velocity tests described above. In particular, the performance of force feedback controllers 
depends on the gains chosen. For low input velocities larger gains are permissible than for higher 
input velocities. The gains which yield the best operation of the damper therefore depend on the 
vehicle speed and roughness of the road.

In Chapter 26, the semi-active damper, with both the open-loop and force-feedback controllers, is 
tested in the HiL rig. The effectiveness of various different vehicle control strategies is investigated.

4.6 CONCLUSIONS

4.6.1 Leaf Springs

(i) The small amplitude force-deflection characteristics of 3 typical leaf springs were found to be 
independent of the load cycling frequency to 18Hz providing a correction (70-90% of the 
total mass) was made for the effective inertia of the spring and mounting assembly.

(ii) Two different techniques can be used for predicting accurately the forces developed by a 
typical leaf spring under realistic operating conditions to at least three times the highest 
frequency of major excitation. They require a detailed knowledge of the small amplitude, low 
frequency behaviour of the spring at the static load of interest.

(iii) The popular Coulomb friction model of leaf spring behaviour was found to be significantly 
less accurate than the other models investigated, throughout the frequency range of interest.

4.6.2 Hydraulic Dampers

(i) A seven-parameter non-linear damper model suitable for vehicle ride simulations was 
developed and validated in the HiL apparatus. The parameters can be determined using 
simple measurements on a test damper.

(ii) The RMS errors in simulated vehicle response variables, caused by neglecting damping 
coefficient saturation, are of the order of 25% RMS for rough roads, but less for smoother 
roads.

(iii) Neglecting damping coefficient transition or the series compliance introduces simulation 
errors in the range of 6%-17% RMS for motorway road inputs.

(iv) If damping is assumed to be linear and viscous, the simulation errors are typically up to 30% 
RMS for a reasonably linear damper, but can be much larger if the damper is nonlinear.

(v) With increasing damping, or decreasing input roughness, errors caused by neglecting 
saturation decrease, whereas errors due to neglecting compliance, damping coefficient 
transition or using linear viscous damping all increase.
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4.6.3 Controllable Dampers

(i) A model o f a sem i-active automobile damper was identified from sinusoidal and transient 
tests, and validated with simple force tracking experiments.

(ii) Two damping force control methods were investigated: (a) open loop control, in which the 
damper was controlled by a ’lookup table’ o f damping rate versus input voltage; and
(b) force feedback control, with a proportional-integral controller and nonlinear gain 
compensation. Both controllers were found to track the demanded damping force well, but 
the open loop controller responded faster, with less phase delay than the force feedback 
controller.

(iii) Open loop control has the advantage of relatively simple instrumentation (velocity transducer 
and possibly a temperature transducer) and the benefits of faster response. Force feedback 
control requires a force transducer and has a slower dynamic response. It can be 
implemented by estimating damper switching times from the measured damping force, and 
this elim inates the need to measure the velocity across the damper. Force feedback control 
has the advantages o f  more accurate force tracking and insensitivity to variations in damper 
temperature and wear.
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5.1 SUMMARY

Two simple vehicle models are presented. These models represent the general vibration 
characteristics of the majority of heavy vehicle suspensions. Methods for simulating the responses 
of simple vehicles in the time and frequency domains are discussed with examples.

A method is presented for computer simulation of more complex two- and three-dimensional vehicle 
models with non linear tyre and suspension elements. These are represented as general lumped 
parameter vibrating systems, with arbitrary constitutive elements, moving in an inertial frame of 
reference. The geometry of the system is treated independently of the constitutive elements. As a 
result, nonlinear (time domain) or linearised (frequency domain) calculations can be performed using 
a single input description of the system.

5.2 INTRODUCTION

The mathematical models used for simulating dynamic tyre forces are similar to the models used for 
simulating vehicle ride. The fundamentals of this subject are covered in detail by Gillespie [190], 
and will not be repeated here. The following is a brief introduction to vehicle simulations for 
calculating dynamic tyre forces. The reader is referred to [190], [87] and [121] for further 
background.

For most heavy vehicle ride models, vibrational motions are small, so that the geometry can be 
assumed to be linear. Nonlinearities arise from the characteristics of the suspension and tyre 
elements. These elements can be linearised for simplified analyses of vehicle behaviour. 
Alternatively they can be modelled in detail, using methods like those described in Chapter 4, for 
more realistic simulations. Both linear and nonlinear models have value for particular applications, 
and both are used in this book.

5.3 TWO SIMPLE VEHICLE MODELS

5.3. J The Models

Figures 5.1 a,b show simplified models of two truck suspensions. The 'quarter-car' model1 in 
Figure 5.1a has two masses, a sprung mass ms and an unsprung mass mu, both of which are 
constrained to move vertically. It therefore has two degree-of-freedom, the vertical displacements 
zs and zu. The road profile displacement input to the tyre is u. This model generates its main 
dynamic tyre force components due to sprung mass motion in the frequency range 1.5^* Hz, which

1 This model is known as a ‘quarter car’ because it is traditionally used for analysis of the ride dynamics of passenger 
cars. In this application, the parameters are chosen so as to model the dynamics of a single wheel station (one of four).
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makes it broadly representative of the majority of single axle truck suspensions in current highway 
use [96]. The parameter values are representative o f a single axle air suspension.

1r __________ ] r

u2(t) 2a Ul(t)

J Z L
m s Sprung mass 8900 kg ms Sprung mass 17800 kg
n\i Unsprung mass 1100 kg Щц Unsprung mass 2200 kg
Cr Suspension damping 40 kNs/m Iu Pitch inertia 930 kgm2

Tyre damping 4 kNs/m Cjs Suspension damping 80 kNs/m
'k , Suspension stiffness 2 MN/m ct Tyre damping 4 kNs/m
kt Tyre stiffness 3.5 MN/m ks Suspension stiffness 4 MN/m

kt Tyre stiffness 3.5 MN/m
a Half axle spacing 0.65 m

(a) Two degree of freedom ‘quarter-car’ truck model. (b) Three degrce-of-freedom model of a 
‘walking-beam’ tandem suspension.

Fig. 5.1 Simple vehicle models

The three degree-of-ffeedom  'walking-beam* model in figure 5.1b (see also figure 2.1a) consists of 
a sprung mass ms which is constrained to move vertically with displacement z$. A rigid beam joins 
the two axles, and is connected to the suspension spring by a pin joint at its centre. The combined 
beam and axle assembly has mass mu and pitch moment o f inertia Iu. It moves with vertical 
displacement Zu and pitch rotation 0U. This arrangement generally provides very good static load 
sharing, and is intended particularly for o ff-road  use. It also allows lightly damped pitching 
vibration of the beam/axle assembly in the frequency range 8-15 Hz, unless hydraulic dampers are 
fitted between the axles and frame. The road profile displacement inputs to the two tyres are uj and 
U2- This model represents the minority o f suspensions which generate large dynamic tyre forces due 
to unsprung mass pitching motion as well as low frequency sprung mass motion [96].

These simple vehicle models do not contain the detailed suspension nonlinearities and complexities of 
sprung mass motion that are typical of heavy vehicles, however their responses illustrate many of the 
more important characteristics of dynamic tyre forces. More realistic vehicle models are described in 
the next chapter.
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5.3.2 Equations of Motion

The equations of motion of vibration of a linear vehicle model (with linear geometry and linear 
springs and dampers representing tyre and suspension elements) can be written in matrix form as 
follows:

where q is a vector of generalised coordinates»
Q is a vector of generalised forces,
[M] is the mass matrix,
[C] is the damping matrix and 
[K] is the stiffness matrix.

Applying Newton’s second law to the two simple vehicle models shown in figures 5.l(a, b), gives 
the following matrices (all terms are defined on the figures).

Q uarte r C ar Model (2 degrees of freedom)

[M]q + [C]q + [K]q = Q (5.1)

[M] =[
0

Cs “Cs
-cs cs + ct

(5.2)

W alking Beam Model (Э degrees of freedom)

4 = |  *u

A.

o
Q =  + <:,(«)+«2 ) .

a c ,(u2 - ùi) + ak,(u2 - щ)

(5.3)

0 0 2ah',
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5.4 SIMULATION METHODS

Simulations o f vehicle response to road roughness can be performed in the time domain or the 
frequency domain.

5.4.1 Time Domain Simulations 

S o lu tio n  M eth o d

In time domain simulations, the equations o f motion are solved by numerical integration with respect 
to time, and the outputs are time histories o f the vehicle response variables. Time domain 
sim ulations are used when the vehicle m odel is non-linear and/or when the response to a 
deterministic (transient) input is required.

Time domain simulations require the road roughness to be specified as a function of distance. For 
random road profiles this requires the generation of a random function with the correct spectral 
density. M ethods for achieving this are described in Chapter 3.

Numerical integration routines generally require the equations of motion to be written in first order 
form. This can be achieved by introducing a new 'state' vector z which contains the generalised 
coordinate velocities and displacements:

If  there are N degrees o f  freedom  (and hence N elements in q), then z and z each have 2N 
elements. Combining equations 5.1 and 5.4, gives

In a time domain simulation, vector z is calculated on each time step by evaluating equation 5.5. t  
is then supplied to the numerical integration routine, which returns the value of z on the next time 
step, and so on.

S am ple  R esu lts

Figure 5.2a shows time histories o f the dynamic tyre forces generated by the two simple vehicle 
models travelling at 80 km/h, in response to  a 10 mm step up in the road profile (as might be 
observed at a bridge abutm ent or a faulted jo in t between two PCC pavement slabs). Figure 5.2b 
shows the response o f the models to a 'good* random road (as per equation 3.1) at 80 km/h. (Note 
that the tyre and suspension parameters in figure 5.1 were chosen so that both models would have 
similar body bounce motion).

The quarter car model shows an initial spike when the wheel first encounters the step in figure 5.2a, 
followed by a damped high frequency transient due to axle hop at approximately 12 Hz. The low 
frequency, lightly damped body bounce motion at 2 Hz continues for several seconds after the step.

(5.4)

(5.5)
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(a) Response to a 10mm step

(b) Response to a sample of 'good1 random road

Fig. 5.2 Dynamic tyre force time histories generated by the simple vehicle models at 80km/h. From [96].

Both tyres of the walking beam model generate large forces when they first encounter the step in 
figure 5.2a. (The peak generated by the first axle coincides almost exactly with the peak generated 
by the quarter-car model). Lightly damped pitching of the walking beam at approximately 9 Hz 
(with the axles bouncing out of phase) continues for many cycles after the step, and this is 
superimposed upon the 2 Hz body bounce motion. This behaviour is typical of walking beam 
suspensions with low bogie pitch damping.

On the random road profile (figure 5.2b), both models generate similar tyre force components at the 
body bounce natural frequency (2 Hz), but the walking beam model generates much larger peak 
forces because of its bogie pitching mode at 9 Hz.

A parameter used frequently to characterise the magnitude of dynamic tyre forces is the 'Dynamic 
Load Coefficient' (DLC), which is defined as:

DLC dynamic tyre force
Static tyre force

(5.6)
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The RMS tyre force a  can be calculated using:

(5.7)

where
flc = the dynamic tyre force f(t) at time t = kA t 
At = the simulation output time step 
T = NAt is the total simulation time.

5.4.2 Frequency Domain Simulations

Linear vehicle simulations can be performed efficiently in the frequency domain, for random inputs. 
In this approach, spectral densities o f  the output variables (tyre forces, accelerations, etc) are 
calculated directly from  a vehicle response transfer function and the road roughness spectral 
densities. Three dimensional vehicle models require direct spectral densities of the left and right hand 
wheel paths and the cross spectral densities between them [393].

For a linearised vehicle model, a matrix o f  dynamic tyre force spectral densities [Sp((0)] can be 
found from a matrix o f road profile displacement spectral densities [Su(û))] and a matrix of vehicle 
transfer function [H (o)], according to [355, 393]:

Here denotes the complex conjugate, ^  denotes the matrix transpose.

Note that element (i, j) o f the transfer function matrix [H(co)] is the dynamic force generated by tyre i 
due to a unit harmonic displacement input at tyre j. Clearly, these matrices can be expanded for 
vehicle models with more inputs (wheels) and outputs (dynamic tyre forces).

In p u t S pec tra l M atr ix  [Su (<£>)]

The diagonal terms of [Su(<o)] are the direct spectral densities o f the road profile inputs to the tyres. 
The off-diagonal terms o f [Su(û))J are the cross spectral densities between the inputs to pairs of 
tyres. These are related to the direct spectral densities:

(i) If one tyre follows another in the same wheel path, then the input to the second is a delayed 
version o f the input to the first. The cross spectral density between them contains 
information about the time lag.

(ii) If  the two tyres are at the same longitudinal position on the vehicle, but are running in 
different wheel paths, then the cross spectral densities contain information about the 
coherence between the two profiles (see Section 3.4.2).

The direct and cross spectral densities of the wheel paths can be obtained from measurements or from 
a model of the road surface roughness (see Chapter 3).

[SF«o)] = [H(o»]*[Su(o»][H(cd)]t , (5.8)

where, for a two-wheeled vehicle model
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It is necessary to convert the spectral densities and coherence functions from wavenumber to 
frequency. If the direct spectral density of wheel track j at wavenumber re is S,j(K), and the 
coherence function between two tracks is q(K), then at angular frequency 0), Sjj and q are given 
by:

^ (Ш)=2 ^ (К = (1)/2ЯУ) ( j . , ,
'П((0) = л(к = ш/2лУ).

where V is the speed in m/s.

For pitch-plane vehicle models, the off-diagonal (cross-spectral) elements of [Su(ti))] are given by 
[393]:

Sjk(e>) = Sjjj((û)e’ i<eT)* (5.10)

where Tjk = / V is the time lag between^axles j and k, which are spaced apart by distance .
Since Tkj = -Tjk, it follows that Skj(co) = Sjk(co).

For roll-plane models, with wheel paths 1 and 2, the off-diagonal elements of [Su(co>] are the cross 
spectral densities S i2(co) and S2i(co). If the road surface is assumed to be isotropic (see Section 
3.4.2), the direct spectral densities of the two wheel paths are equal and the cross spectral densities 
are related by:

S12(cû) = Sn (û>)q(û>) 

S2 i(û)) = SÎ2(û>).
(5.11)

where Г)(со) is the ordinary coherence function relating the two profiles (equation 3.8).

If the model is three-dimensionaly the input spectral matrix contains both time lag and coherence 
terms. Consider, for example, the four-wheeled vehicle shown in plan, in figure 5.3. It has 
wheelbase t and moves with speed V. Wheels 1 and 3 are in wheel path 1, while wheels 2 
and 4 are in wheel path 2. The direct spectral densities of wheel paths 1 and 2 are Sn(K) and 
S22(k) respectively, and the cross spectral densities are S i2(K) and S2j(k). These can be 
converted to functions of frequency using equation 5.9.

Fig. 5.3 Plan view of a four-wheeled vehicle model.
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The input spectral matrix is given by

Sn(Cû) S12(Û»
S2l(Cû) S22(û»

Sj ,((о)е“ 'шТз' S12(Cû)e-ia>TM 

.S21(ffl)e 'iwT4i S22((o)e"ifflT«

[S u (û » ]  =

SM(©)e i<1)Tu S |2(ü))e~i<oTi< 
S2i«û)e“ i<oT“  S22((o)e_i,oTM

Sn(tû) S12((o)

S]2(©) S22(<o)

If  the road surface is assumed to be isotropic, with direct spectral density S, ,((o) and coherence 
function t|(co), this reduces to:

(5.12)

T ran s fe r  F u n c tio n  M a tr ix  [H(<d)]

Assuming a sinusoidal displacem ent input o f  the form u(t) =  Uei<ot, it can be shown that the 
vector o f generalised force Q (t) =  Q e iûM is given by

1 tK co) e -iaK /V  Tle-iw /’/V '

■n(co) 1 ^ e -io rf/V  e - i  mr/V

e iarf/V
1 !)(<■>)

T , e ^ /V e i(ûf/V
Л « о ) 1

Q  = [D][R]u, (5.13)

where

[R] = [diag(kt +  icoct)], and 

[D] = linear transformation matrix

^  J for the quarter car model and 

: 0 0 ]
1 i for the walking beam model.

. - a  a _

Assuming the response to be sinusoidal with the form q(t) = q e i(0t, equations 5.1 and 5.13 can be 
combined to give:

[B]q =  [D jR ]ïï (5.14a)

where

[B] = -Ч02 [M] + ico[C] + [K]. (5.14b)

It can also be shown that the vector o f complex dynamic tyre force amplitudes F, is given by

Р. = [ 1 ф ] т ч - й ) .  ( 5 ,5 )

Substituting for q from equation 5.14 into equation 5.15 gives the required expression for the 
dynamic tyre forces, in terms of the road profile input:

(5.16a)

where

Ft = (H(co)Ju,

[H(û))] = [R]([D]t [B ]-, [D ][R ]-[I]). (5.16b)

and [ I ) is the identity matrix.



SIMULATING DYNAMIC TYRE FORCES 75

S olu tion  P rocedure

At each frequency of interest (i), the dynamic tyre force spectral matrix [Sf(co)] is calculated as 
follows:

(i) Generate the complex [B] matrix using equation 5.14b with the mass, stiffness and damping 
matrices of the vehicle model {eg equations 5.2 or 5.3);

(ii) Calculate [B]-1 using a complex matrix inversion routine;

(iii) Multiply out equation 5.16b to obtain the transfer function matrix [H(co)J;

(iv) Generate the input spectral matrix [Su(co>] using equations 5.9 to 5.12;

(v) Finally determine [Sp(co)] using equation 5.8.

If the Dynamic Load Coefficient is required, the RMS dynamic load <jj (for lyre j) can be calculated 
by calculating the area under tyre force spectral density graph by numerical integration as follows:

° j2 e £ s v ,  <“ ) * “• (517)

This general procedure can be used for any linear vehicle model.

S am ple R esu lts

Figure 5.4a shows the tyre force spectral density generated by the quarter-car model travelling at 
80 km/h over a 'good' road, as defined by equation 3.1. There is one main spectral peak at a 
frequency of approximately 2 Hz, which corresponds to the main body bounce mode of vibration, 
as seen in figure 5.2a. The wheel hop mode of vibration at approximately 12 Hz, hardly 
contributes to the wheel forces (it is too small to be seen on the linear scales), because it is reasonably 
well damped, and the level of excitation from the random road roughness is relatively small at this 
frequency. The DLC, calculated from figure 5.4a is 0.135.

Figure 5.4b shows the corresponding tyre force spectral density for the walking-beam tandem 
suspension model. In addition to the low frequency body bounce peak, this model displays a 
significant peak at approximately 9 Hz, due to the lightly-damped pitching motion of the walking 
beam, as seen in figures 5.2a,b. This motion increases the DLC to 0.193.

Fig. 5.4 Tyre force spectral densities for the two linearised vehicle models travelling at 80 km/h on a good' road. 
From (96).
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The dynamic load coefficients generated by both vehicle models are plotted as a function of speed in 
figure 5.5. It can be seen that the wheel forces generated by the quarter-car model increase smoothly 
with speed, whereas the walking-beam  model has small peaks at speeds of approximately 12 km/h, 
17 km/h and 28 km/h. These are caused by the phenomenon known as ’wheel-base filtering' that 
is discussed briefly in Section 7.4.5. (See [190] for a good explanation.)

Fig. 5.5 Variation of DLC with speed for the two simple vehicle models. From [96].

5.4.3 Note on Natural Motions (Eigenvalues and Eigenvectors)

Given the m ass, dam ping and stiffness m atrices o f a linearised vehicle model, it is relatively 
straightforward to calculate the eigenvalues and eigenvectors (natural frequencies and natural mode 
shapes). It is generally not sufficiently accurate to assume that the damping is light. This means that 
the conventional techniques o f modal analysis o f undamped vibrating systems cannot be used. It is 
necessary to cast the equations of motion into first order form (similar to equation 5.4) and then 
calculate the eigenvalues and eigenvectors o f  the corresponding 2Nx2N characteristic matrix 
equation. The method is detailed in [354], and will not be discussed further here.

5.5 AN ALTERNATIVE MATRIX FORMULATION OF THE VEHICLE 
VIBRATION EQUATIONS

Vehicle simulation models which agree well with field measurements can be developed by careful 
attention to the roughness o f the road surface, the overall vehicle configuration and the major sources 
of suspension system nonlinearity. The next chapter presents examples of two such simulation 
studies. Although it is desirable to develop these realistic simulations it is often useful to perform 
eigenvalue and/or frequency domain calculations for linearised versions o f the equations of motion. 
Therefore, it is im portant to be able to generate linearised equations of motion from the same 
mathematical model.

Conventional matrix form ulation o f the equations o f motion of vibration of multiple degrees-of- 
freedom, lumped param eter systems (as described in Section 5.3.2), precludes the use of nonlinear 
constitutive elements. Sophisticated multibody software systems are available for complex vehicle 
simulation problems, however it is not necessary to resort to such levels of sophistication when the 
system can be treated in an inertial frame o f reference with the assumption of small deflections. In 
this case, advantage can be taken o f the fact that the geometry o f the system is unaffected by 
assumptions regarding the elements that connect rigid bodies.
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An alternative matrix formulation of the vibration equations is presented here. The method treats the 
geometry of the system independently of the constitutive elements and as a result allows nonlinear 
(time domain) or linearised (frequency domain) calculations from a single input description.

5.5.1 Equations o f Motion for Rigid Bodies Experiencing Small Deflections

Consider a rigid body moving in an inertial reference frame, with generalised coordinates qi 
subjected to a number of external but not necessarily conservative forces FjM  as shown in 
figure 5 .6 K

Fig. 5.6 Virtual displacements ôjCd of a rigid body under the action of external forces F|M.

Assuming small vibrations, Lagrange's equations may be used to write the equation of motion :

where T is the kinetic energy and [M] is the inertia matrix.

To obtain the generalised forces P it is usual to apply the method of virtual work. The total virtual 
work done by the generalised forces is:

£ 8 W  = PT5q. (S 19)

If a compatible set of virtual displacements 0<k) is introduced such that Ôj<k) is the displacement at 
the point of application of external force FjW (figure 5.6), then the total virtual work done by these 
forces is:

Combining equations 5.19 and 5.20:

PTSq = F(1)TS(1) + F(2)T0(2) +... + F(n)T6(n).

(5.20)

(5.21)

Providing small deflections are assumed, simple linear transformations can be written, relating the 
original generalised coordinates to the virtual displacements 6|(k):

1 A distinction is made between the different types of forces which may act on the body, (eg forces arising from input
excitation or from the interaction with other rigid bodies) by the superscript (k).
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6(1) = [z (1)]6q, S(2) = [z (1)]ôq ,...5(n) = [z (n)]ôq.

where [Z ^ ]  is the transformation matrix for forces of type (k). Equation 5.21 now becomes

PT6q = F(1>T[z« ]8 q W  + F<2>T [z (2)]Sq(2) +... + F<n>T[z^>]Sq<n>.

Hence the generalised forces are given by

P = [z (,)]T F(1) + [z (2)]T F(2) + . . .+ [z (n)]T f*n).

Thus for each rigid body the equation o f motion (equation 5.18) may be written

[M]q = [Z0>]V> +[Z<2>]TF<2> + ...+[ztn>]TF<n>.

Figure 5.7 shows a generalised vehicle model consisting of several unsprung masses subjected to a 
set o f generalised input ('tyre’) forces F t and joined to the sprung masses by a set of connection 
(’suspension’) forces F s. Constant gravitational forces Fg act at the centre of gravity of each mass.

(5.23)

(5.24)

Fig. 5.7 Generalised multibody vehicle model: suspension forces F5, tyre forces Ft and gravitational forces Fg.

In this case equation 5.24 may be written

[M ]ij= [S )F s + [T ]F t + Fg, (5.25)

where the terms [Z(i)]T F(i) in equation 5.24 have been replaced by [S] F s, [T] F t and Fg and 
all of the rigid bodies have been included in [M]. The constraints on the geometry introduced by the 
(connections between masses) are implicit in [S], [T], and F g.

5.5.2 Time Domain Vehicle Modelling

In order to calculate the forces F s and F t, it is necessary to know the relative deflections and 
velocities experienced by the tyre and suspension elements. To this end the following linear 
coordinate transformations are introduced

"Hss =  [Z ssH  ^us “  [Z usJq* “nut = [Z ul]q, (5.26)
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where
T|ss = Displacements of the suspension attachment points on sprung masses,
TJUS = Displacements of the suspension attachment points on the unsprung masses,
Tjut = Displacements of the lyre attachment points on the unsprung masses.

and the [Z] matrices produce the desired transformations from the generalised coordinates q.

Examination of equations 5.22, 5.25 and 5.26 reveals a close relationship between the force 
transformation matrices [ZW], ([S]T and [T]T) and the coordinate transformation matrices ([Zs$], 
[ZusL [^ut])« In fact with a little manipulation it can be shown that

[T] = lZu,]T (5.27)

[S] = ([ZM] - [Z us])T- (5.28)

The tyre force vector Ft is a function of the displacements and velocities imposed on each tyre 
element. If the vector of input road displacements by are denoted by u then

Г, = «1( и - Л и/) + й (и -Т )ш). (5.29a)

where g|(T|) are appropriate functions which depend on the characteristics of the tyres.

Similarly the suspension force vector is given by

= £з(Лил — Лю) + 54(^05 " Л«)* (5.29b)

A simple computation procedure may be used to evaluate the necessary derivatives for a numerical 
integration routine using subroutines to evaluate the suspension and tyre forces (figure 5.8).

Pig. 5.8 Flow diagram of the procedure for evaluating the equations of motion for a time domain simulation of a 
lumped-parameter vehicle model, subject to small displacements.
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5.5.3 Linearised Vehicle Modelling

For a linear vehicle model, the functions g j  to g4  are simple linear combinations of the various 
displacements and velocities, and the constitutive equations (equation 5.29) can be written

Ft =  [diag(K, )](u -  Ц ц ) + [diag(Ct )](u -  f)u, )

= -HVis) + [diag(Cs)](T|us
where [diag(Xv>] = diagonal matrix of linearised parameter values, and 

X = K denotes spring stiffness 
= C  denotes damping constants 

y = s denotes suspension elements 
= t denotes tyres.

Combining equation 5.25 and equation 5.1:

Q  - [C]q - [ K ] q  = [S]Fs + [T]Ft + Fg . (5.31)

Now substitute for F s and F t from equation 5.30 and for tjss, “Hus and Tlut from equation 5.26 
into the right hand side o f equation 5.31. Then equating the coefficients of q and q , and using 
5.27 and 5.28, the follow ing simple expressions are obtained for the conventional damping and 
stiffness matrices and the generalised forces:

[C] = [S jd iag(C s )JS ]T +[T][diag(C,))[T]T

[K] = [S jd iag (K s )JS]T + [T jdiag(K ,)][T ]T (5.32)

Q  =  [T]([diag(Kt )]h + [diag(C, )]h +  Fg).

[C] and [K] are clearly symmetric, which is expected from stiffness and damping matrices derived 
using Lagrange’s equation.

Finally we note four advantages o f writing the equations o f motion in the form of equation 5.25:

(i) The models o f the suspension and tyre elements are separated from the geometry. They can 
therefore be evaluated in separate subroutines (equations 5.29) and can be represented by any 
linear o r nonlinear functions or by lookup tables. This contrasts with the normal linear form 
o f  the equations o f motion (equation 5.1), where the constitutive parameters (ks, ct, etc) are 
'buried' in the stiffness and damping matrices (eg equations 5.2 and 5.3).

(ii) It is possible to use identical input formats for linear (frequency domain) or nonlinear (time 
domain) simulations, providing a facility is included in the connecting element subroutines to 
return linearised parameter values for the [diag(Xy)] matrices needed in equation 5.30.

(iii) For models o f heavy vehicle vibration, derivation of the[Zss], [ZusJ and [ZuJ transformation 
matrices is very straightforward compared with deriving the conventional damping and 
stiffness matrices [C] and [K\ by the methods of Lagrange or Newton II. The calculation of 
[CJ and [K\ (equation 5.32) is easily automated. It is still necessary to calculate the inertia 
matrix [AfJ and the gravitational vector F gl but these are usually straightforward for simple 
small vibration problems of the nature considered here.

(iv) It is possible to generate all o f the necessary matrices automatically by computer, from a 
simple geom etric description o f the vehicle model and information about the mass and 
moments o f inertia o f each body. This requires some sophistication in order to handle 
various types o f constraints and the possibility of kinematic 'closed loops'. The method will 
not be discussed further here.
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5.5.4 Example -  Walking-Beam Model

Consider, for example, the linear ’walking beam’ vehicle model shown in figure 5. Ib.

There is only one ’suspension' element, the central damped spring, the top of which moves with 
displacement zs. Thus TJSS (the vector of displacements of the suspension attachment points on 
sprung masses) has only one element which is given by:

“Hss = {^ssl} = zs ~ [l 0 0} =* [Z„] = [l 0 0], (5.33)

Similarly, the displacements of the suspension attachment points on the unsprung masses are:

4us = {Tlusl} -  zu -  [0 I 0} [Zus] = [0 1 0]. (5.34)

The displacements of the two lyre attachment points on the unsprung masses (ie the displacement of 
the centre of each wheel) are:

(5.35)

These simple transformation matrices [Zss], [ZuS] and [Z^], along with descriptions of the 
suspension and tyre elements, Fs> and F t , the inertia matrix [M], and the gravitational vector Fg 
are sufficient to perform (non-linear) time-domain simulations of the vehicle. It is necessary to 
calculate [S] and [T], using equations 5.27 and 5.28: [S]

[S] =
' 1 '
-1 , and [T] =

0 0 ‘ 
1 1

0 a -a

[S] and [T] can easily be checked by application of virtual work to each mass, using equation 5.20.

The tyre and suspension elements Fs, and Ft can be represented by functions of arbitrary 
complexity. For example, they could include the nonlinear leaf spring and damper models described 
in Chapter 4. If instead, they are linearised to comprise simple springs and dashpots, the linearised 
stiffness and damping matrices [K] and [C], can be calculated using equation 5.32.

Since there is only one suspension element, the diagonal matrix of suspension stiffnesses is simply

[diag(*,)] = ks. (5.37)

There are two tyre elements (assumed here to have the same stiffness kt), so the diagonal matrix of 
tyre stiffnesses is simply

[diag(Kt)] =Го
0

kt
(5 38)

Thus substituting equations 5.36-5.38 into equation 5.32 gives:
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[K] = ks[l -1  0 ]+  1

0 [a

k s - k s 0

“ ks ks + 2 k t 0

0 0 2a2k t

OTO 1 a 1 
k JO  1 -a j

as per equation 5.3. The damping matrix [C] can be calculated using the same approach.

5.6 CONCLUSIONS

(i) Tw o sim ple generic vehicle m odels have been derived. They can be used to predict the 
general form o f the dynamic tyre forces generated by most heavy vehicle suspensions. The 
com putational requirem ents are sm all, particularly for linearised frequency domain 
calculations.

(ii) A method has been developed for computer simulation of multiple degrees of freedom, 
nonlinear, lumped parameter vibrating systems. The assumption of small motions is used, 
however no restriction is placed on the nonlinear elements that connect rigid bodies in the 
system. Derivation of the equations is simple compared with conventional methods, and the 
equations may be solved by num erical integration in the time domain or linearised 
autom atically and solved in the frequency domain. The method is particularly suited to 
predicting the response of realistic heavy vehicle models to road surface roughness.

The method derived in Section 5.5 will be used in the next chapter in two case studies of heavy
vehicle vibration.
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6.1 SUMMARY

This chapter presents two case studies of heavy vehicle vibration simulation.

Tests were performed on a 3-axle rigid truck operating under harsh vibrating conditions, and a four- 
axle leaf-sprung articulated vehicle operating under highway conditions. Dynamic tyre forces and 
sprung mass accelerations and unsprung mass accelerations were measured in both cases. The 
measured road profile data and vehicle response data are used to determine some of the important 
characteristics of heavy vehicle vibration behaviour; in particular the effects of roll motion and frame 
bending on dynamic tyre forces.

The measured data are used to validate two and three-dimensional computer models of the vehicles, 
which were developed using the methods described in the previous chapter. Attention is given to 
modelling the tyres and suspensions. Agreement between the response of the three-dimensional 
vehicles models and the measurements is generally good. The conditions under which two- 
dimensional models can accurately simulate vehicle behaviour are examined.

This chapter is based on work previously published in [87] and [121).

6.2 INTRODUCTION

The simulation of vehicle vibration is valuable for understanding the ways in which dynamic tyre 
forces are generated, and for predicting the effect of vehicle design changes on road damage.

There is a considerable amount of literature concerned with modelling the ride dynamics of heavy 
vehicles and hence simulating dynamic wheel loads. This field was reviewed by El Madany et al in 
1979 [169] and Cebon in 1985 [88). Further information can be found in [121,190,362,422].

A number of detailed two- and three-dimensional computer simulations of heavy vehicles have been 
developed and validated by comparison with full-scale tests [86,87,121, 192,229,243,400,406, 
478]. Most have solved the equations of motion in the time domain by numerical integration. 
However, relatively few of these studies have made a detailed comparison of the theoretical results 
with vehicle test data.

This chapter presents the results of two separate vehicle model validation studies. The first is 
concerned with a 3-axle rigid vehicle, and the second with an articulated vehicle. Both vehicles were 
instrumented extensively to measure dynamic tyre forces and accelerations. The rigid vehicle was 
tested on a rough pavé test track at the Motor Industry Research Association in the UK, and the 
articulated vehicle was tested on a relatively smooth section of the TRRL test track. The road profile 
input was known in both cases, as were many of the suspension characteristics and inertial 
parameters. The validation exercises shows the likely levels of simulation accuracy that can be 
expected when most of the necessary information is available.
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6 3  A RIGID OFF-ROAD VEHICLE

6.3.1 Vehicle Testing Program

A program of m easurements was perform ed on a 3-axle, 23 tonne, rigid 6 x 4  fuel tanker with a 
'single point’ tandem bogie suspension (see figure 2.1), on a rough pavé test track in the UK [98]. 
A number o f accelerometers were mounted on the vehicle to measure sprung mass bounce, pitch and 
roll accelerations, frame bending and twisting as well as bounce and roll of the two drive axles. A 
linear displacem ent transducer m onitored axle travel and bump stop contact. The casing of the 
leading drive axle was strain gauged at each end, outboard of the spring hangers, to measure bending 
strains due to vertical loads. Tyre forces were obtained by appropriate calibration and the assumption 
that the distances between the strain gauge installations and the tyre contact centres of pressure were 
constant. It was necessary to make corrections for the inertia (linear and angular) of the axle and 
wheel com ponents outboard of the strain gauges [491]. This method of measuring dynamic tyre 
forces is discussed further in Section 7.3. The vehicle was tested in the laden and unladen conditions 
(gross vehicle weights o f 22 970 kg and 12 250 kg) at nominal speeds of 5,10 and 15 km/h.

6.3.2 Measurement and Modelling o f Road Surface Roughness

Topographical data for the test track, measured on a 0.25 m grid was available [18]. In order to 
obtain inform ation regarding the short wavelength roughness1, 10 local height surveys were 
perform ed along a num ber o f lm  lengths o f  the test track. The average displacement spectral 
densities o f the two sets o f topographical data are shown in figure 6.1. Harmonics of the 140 mm 
paving interval can be seen clearly at wavenumbers of approximately 45,90, 135 ... rad/m.

Fig. 6.1 Height spectral densities along the centre line of the pavé test track. From [87].
.................Average of 10 local height surveys (lm  sample lengths)
-------------  Original topographical survey, grid spacing = 0.25m

1 At the highest testing speed (15 km/h) the relatively large grid spacing of the original data limited the maximum 
simulation frequency to 8.3 Hz.
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Assuming that the coherence between the left and right hand wheel paths (track spacing = 2.0m) was 
zero for wavenumbers greater than 0.25 rad/m, and using the one dimensional inverse discrete 
Fourier transform techniques described in Chapter 3, the measured direct and cross spectral densities 
of the test track were converted into correlated pairs of Gaussian, random profiles with an ordinate 
spacing of 25 mm. These profiles were used for time domain simulations of the vehicle.

6.3.3 Mathematical Vehicle Models

Two lumped parameter, nonlinear mathematical models of the fuel tanker were developed using the 
matrix formulation described in Section 5.5. (See (88] for the derivation of these matrices for the 
vehicle models used in this study.) The simpler was a two-dimensional, 4 degrees-of-freedom 
(4 DOF) model of the 'single point’ tandem bogie suspension (figure 6.2a). Sprung mass effects 
were modelled by a single mass free to move vertically. The more complex nredel is shown in figure 
6.2b. It was three dimensional, with 14 degrees of freedom. These were:

(i) 3 rigid axles, each with freedom to bounce and roll;

(ii) two centrally pivoted, rigid beams with pitch freedom, modelling bogie suspension pitch;

(iii) a rigid sprung mass with 6 degrees of freedom.

Important features of the models are:

(i) The chassis is assumed to be rigid.

(ii) Tyres (see legend figure 6.2):
(a) Nonlinear force-deflection characteristics including wheel lift-off.
(b) Envelopment of short wavelength irregularities.

(iii) Suspension Systems (see legend figure 6.2):
(a) The bogie suspension is idealised by a rigid beam with a 'Fancher-model' leaf spring 
element at each end (see Chapter 4). Bogie pitch is restricted by a friction torque which 
depends on the instantaneous value of the normal load.
(b) Stiff rubber bump stops are fitted on all axles.

Details of the parameter selection can be found in [88].

6.3.4 Simulation Results

Envelopm ent of Short Wavelength Road Roughness

For low speeds, the forces developed by the tyres of a vehicle are strongly influenced by the 
mechanisms of filtering of short wavelength road roughness [193]. A number of mathematical 
models have been developed by previous workers (see Captain et al [86]).

Three tyre models were investigated in this study. All consisted of a linear spring and parallel 
viscous damper and included a facility for departure from the road surface (force = 0 for negative 
displacements). The models differed in their mechanisms of short wavelength filtering. These were:

(i) Point contact

(ii) Fixed footprint ('boxcar' weighting contact length = 0.3m)

(iii) Variable contact length.
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Fig. 6.2 Nonlinear vehicle models. From [87].
(a) 4 degrees of freedom bogie model
(b) 14 degrees of freedom, three-dimensional, whole vehicle model.
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The variable contact length model was developed from the fixed footprint model, for the purpose of 
this study, to eliminate the zeros resulting from the Fourier transform of the boxcar function [193].
It was assumed that the contact length of the tyre is proportional to its deflection (see (4281). A 
simple iterative calculation was performed at each time step to determine the average profile height 
and hence the current contact length and vertical tyre force. Details of the calculation are presented in 
[88].

The 4 DOF tandem bogie model (figure 6.2a) was used to compare the three tyre models. Spectral 
densities of the tyre forces generated by this vehicle model travelling at 4.2m/s (15 km/h) on the 
pavé track are shown in figure 6.3. Two important observations may be made:

(i) Relative to the variable contact length model, the point contact follower results in considerable 
overestimation of the tyre forces at high frequencies (see also [86]).

(ii) The fixed footprint model produces the expected zero tyre forces at 14Hz and 28Hz1.

The variable contact length tyre model was used for all other time domain simulation runs in this 
study.

Fig. 6.3 Spectral densities of the tyre forces generated by the 4 DOF bogie model using the three tyre envelopment 
models: laden, 15 km/h (4.2 m/$), pavé. From [87],

Linearised  V ehicle M odel

The 4 DOF bogie suspension model was linearised by replacing the nonlinear suspension and tyre 
elements with linear springs and dashpots. Equations described by Sayers and Gillespie [405] were 
used to determine the small displacement stiffnesses of the leaf springs at their static loads. Linear 
viscous damping coefficients were estimated by equating the energy dissipated per cycle by the leaf 
springs and pivot friction element with the energy dissipated per cycle by the equivalent dashpots at a 
frequency of 7Hz and displacement amplitude equal to the expected RMS (this involved some

1 The Fourier transform of a boxcar weighting of length U  is [sin(Y/)/y/]. y^wavenumber. For a vehicle travelling 
at speed V (m/s), this will result in zero excitation at frequencies of nV/2/ Hz. where n = 1, 2. 3 ..
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iteration). The fixed footprint tyre model was used in this calculation. The theoretical tyre force 
spectral density shown in figure 6.4 was calculated using the formula

Sff (0)) = [k? +  ( A ? )  [Suu«û) +  SB «o) -  2Re{Suz(o»}], (6.1)

where kt and ct are the linearised stiffness and damping coefficient o f the tyre of interest and 
Suu((0), Szz(co) and Suz((ù) are the direct spectral densities o f the road profile displacement u(t), 
axle displacement z(t), and the cross spectral density between them. Re(*} denotes the real part. 
S ^ to )  and Suz( cd) were calculated by linear frequency domain methods (see Chapter 5 and [88, 
393]).

Qualitative agreement between the theoretical and experimental curves is satisfactory however the 
linearised models o f suspension pivot friction (see 7 Hz bogie pitch resonance) and tyre filtering 
(frequencies above 7 Hz) are clearly inadequate.

Fig. 6 .4  Tyre force spectral densities (15 km/h, laden, pavé track). From (87].
--------------- Experiment ------------------Linearised 4 DOF simulation.

Whole Vehicle Simulations

The 14 DOF whole vehicle model was used to simulate the tanker operating on the pavé test track at 
15km/h in the laden condition1. Figure 6.5 shows the spectral densities of: the force generated by 
the nearside tyre o f the leading drive axle, the bounce and roll angle accelerations of the leading drive 
axle, and the sprung mass pitch angle, roll angle and vertical accelerations. The corresponding 
acceleration spectral densities for the trailing drive axle and force spectral densities for the offside tyre 
of the leading drive axle were quite similar to those shown in figure 6.5. These will not be presented 
here.

1 Responses were also calculated for a number of other operating conditions (88] and general agreement was similar to 
that in figure 6.5. Space constraints prevents the presentation of these results.
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<5.5 Comparison between measured and simulated spectral densities ( 14 DOF model ) of the tanker era versing 

the pavé test track at 15km/h in die laden condition. From [87].
--------------  = Experiment ..................... Simulation

(a) leading drive axle, nearside tyre force (d) Sprung mass CG vertical acceleration
(b) Sprung mass pitch angle acceleration (e) Leading drive axle roll angle acceleration
(c) Leading drive axle CG vertical acceleration (0 Sprung mass roll angle acceleration
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General agreem ent betw een m easured and sim ulated responses is satisfactory throughout the
frequency range, however several discrepancies are apparent:

(i) Inaccurate bogie pitch modelling produces errors in the tyre forces and the unsprung mass 
vertical and roll accelerations in the vicinity of the 7Hz bogie pitch frequency [88].

(ii) The most significant area o f inaccuracy in the simulation is in the range of sprung mass rigid 
body modes (below 3Hz). The errors are thought to be caused by inadequate modelling of 
the bogie suspension spring characteristics (for which no measured force-deflection data was 
available).

(iii) Another large discrepancy between measured and simulated responses if for high frequency 
sprung mass roll accelerations (figure 6.5f). This is due to twisting of front portion of the 
chassis o f the vehicle. The twist angle was registered as roll angle by the instrumentation and 
data reduction procedures (see [88]).

(iv) A sim ilar effect to (iii) above causes the simulation to underestimate the sprung mass pitch 
accelerations (figure 6.5b) and sprung mass CG vertical accelerations (figure 6.5d) at high 
frequencies. In this case, however, bending of the front portion of the frame (about a 
horizontal-lateral axis) results in increased measured bounce and pitch accelerations.

(v) F igure 6.6 com pares the m easured chassis bending acceleration (acceleration of the frame 
centre relative to a straight line between its ends) with the measured sprung mass CG vertical 
acceleration. The main flexural peak at 6Hz is visible on both curves. This indicates that the 
simulation inaccuracy observed at 6Hz on figure 6.5d is due to measurement errors caused by 
fram e flexure.

(vi) Errors in unsprung m ass roll predictions (figure 6.5e) are thought to be caused by failure to 
account for the auxiliary roll stiffness o f the bogie springs.

frequency (Hz)

Fig. 6.6 Measured spectral densities of frame bending acceleration and sprung mass CG vertical acceleration (laden, 
15km/h, pavé). The major flexural vibration peak at 6Hz is visible on both curves. From 187]. 
-------------- = Sprung mass CG vertical acceleration ........................  Frame bending acceleration
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Returning to the tyre force spectral densities (figure 6.5a) it is apparent that the 6Hz frame flexural 
mode does not contribute significantly to the dynamic wheel loads. This is thought to be because the 
suspension systems are located near to the nodes of the lowest bending mode of the frame. Thus 
displacements and accelerations imposed on the axles by frame bending are small relative to motion 
caused by the major sprung and unsprung mass resonances.

A number other areas of inaccuracy exist between the simulated and measured vehicle responses. 
They cannot all be explained simply. However, considering the harsh vibrating conditions and the 
highly nonlinear suspension components on this vehicle (bump stop contact and tyre departure from 
the road surface were observed frequently in the simulations), the results are thought to be 
satisfactory.

6 .4  A  T R A C T O R -SE M I TRAILER M ODEL

6.4.1 Experiments 

V ehicle Tests

A typical UK articulated lorry, with four axles and a maximum allowable gross mass of 32.5 tonnes 
(figure 6.7) was provided by the Transport and Road Research Laboratory (TRRL). The tractor had 
two axles, each fitted with multi-leaf springs, hydraulic dampers, and anti-roll bars. The trailer was 
fitted with a wide-spread tandem axle group having mono-leaf springs and a load equalising 
mechanism (figure 6.8). The steering axle was fitted with single radial-ply tyres and all other axles 
were fitted with dual radial-ply tyres.

fig- 6.7 The instrumented test vehicle, shown in the half laden condition. From [ 121J.
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Fig. 6 .8  Schem atic view  o f  the trailer suspension. From [121].

The vehicle was instrumented by TRRL to measure dynamic tyre forces, by means of strain gauges 
bonded to each axle between the spring mounting and brake back plate. Accelerometers were fitted 
near to the ends o f each axle so that a correction could be made for the inertia of the mass outboard of 
each strain gauge (88, 491] (see Section 7.3). Static force components were measured with the 
vehic le  stationary using portable w eighpads. The static forces were added to the dynamic 
com ponents to give the total tyre forces. This method for measuring dynamic tyre force is thought 
by Sweatman to be the best compromise between accuracy and complexity [445], but it assumes that 
the distance between the strain gauge and the line o f action of tyre force remains constant. Tractor 
and trailer frame vertical accelerations were measured by eight piezoelectric accelerometers, three on 
the tractor and five on the trailer.

The vehicle was tested at speeds o f 13 ,18  and 22m/s (30,40, 50 mph) and three payloads (unladen, 
half laden, fully laden). The payload consisted o f concrete blocks (each 500 kg) placed at the front 
and rear o f  the trailer load bed.

R oad  P r o file

The vehicle was tested on a 530m long straight section o f the TRRL test track which had a jointed 
concrete surface with joints at 30m intervals. The profiles of left and right hand wheel tracks were 
m easured by TRRL using their high-speed profilometer [439], which provides measurements at
0.107m intervals along the road. The measured height is the average height over the preceding
0.107m distance along the road. This averaging process and the effects of aliasing result in a lower 
wavelength limit o f about 0.5m [439]. The upper limit is several hundred metres. For the slowest of 
the three testing speeds (13m/s), the minimum wavelength (0.5m) corresponds to a frequency of 
26Hz. For the highest speed (22m/s), the maximum wavelength (200m) corresponds to about
0.1 Hz. These frequencies are outside the main frequencies of interest in this study.

The displacement spectral densities o f the measured vertical profiles o f the nearside and offside wheel 
tracks are given in figure 3.1, which shows that the two wheel tracks have similar roughness, 
corresponding approximately to 'good* classification (poor motorway or average principal road).

The nearside and offside profiles (uj and ui) were transformed into a vertical ’bounce' displacement 
(Uf + U2 ) /2 and a 'roll' displacement (u j - U2 ) /2. The ratio o f roll spectral density to bounce 
spectral density for the test lane is shown in figure 6.9a. The ratio is close to zero at small
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wavenumbers, and increases to about one at higher wavenumbers. This is typical of many road 
surfaces [ 190,404]. The ratio is generally less than 0.5 at wavenumbers below 0.2 cycles/m.

(a) Roll/bounce ratio against wavenumber. (b) Roll/bounce ratio on a radial plot. A radial line
drawn through the desired speed and frequency determines 
the corresponding roll/bounce ratio.

Fig. 6.9 Ratio of roll displacement spectral density to bounce displacement spectral density of the test lane. From

[121].

Figure 6.9b contains the same data as figure 6.9a, but the wavenumber axis is plotted on a circular 
arc. At the centre of the arc is the origin of a set of rectangular axes, with speed on the vertical axis 
and frequency along the horizontal axis. A straight line drawn between the origin of the rectangular 
axes and a point on the roll/bounce ratio curve defines the combinations of speed and frequency that 
correspond to this point.

The line labelled A on figure 6.9b corresponds to a typical sprung mass mode frequency of 3Hz and 
a typical vehicle speed of 24m/s. The corresponding value of roll/bounce ratio is below 0.5, and so 
there is comparatively little roll excitation of vehicles at (or below) (his frequency. Therefore, the 
sprung mass roll modes, which generally have frequencies below 3Hz, are unlikely to contribute 
significantly to the dynamic tyre forces [190]. (However, this may not be the case for poorer roads 
where the nearside wheel track is sometimes rougher than the offside wheel track [231]). The line 
labelled B corresponds to a typical unsprung mass mode frequency of 15Hz and a speed of 24m/s. 
The corresponding roll/bounce ratio is above 0.5, and therefore unsprung mass roll modes will have 
significant excitation at this speed.

If the vehicle speed is decreased from 24m/s, the frequency corresponding to a given point on the 
roll/bounce ratio graph will decrease, and the excitation of the sprung mass roll modes will become 
comparable to the excitation of the bounce modes. The unsprung mass modes (above 10Hz) will 
normally always be excited at wavenumbers where the ratio of roll to bounce excitation is close to 
one. These results were derived for one particular road surface but it is likely that the general trends 
will hold for most highway surfaces [190,404].

The measured vehicle responses are used in the next section to examine the relationship between road 
profile and vehicle roll motions.
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Vehicle Response 

Roll MftUfliL

The nearside and offside tyre forces (Fi(t) and F2(t)) measured on the tractor drive axle and the 
leading trailer axle were transformed into ’bounce (Fj(t)+F2(t))/2 and 'roll' (Fi(t) - F2(t))/2 
components. Figure 6.10 shows the spectral densities of these components for the fully laden 
vehicle travelling at 22m/s.

(a) Drive axle. (b) Leading trailer axle.

Fig. 6 .10  Bounce and roll components o f  tyre forces - fully laden, 22m/s. From [121].
--------------- b o u n c e ..................roll

In the frequency range o f the sprung m ass modes (l-4H z), the roll components of the drive axle 
force (figure 6.10a) and trailer axle force (figure 6.10b) are negligible compared to the bounce 
components. In the frequency range o f  the unsprung mass modes (10-15Hz) the bounce and roll 
com ponents have sim ilar magnitudes. These results are generally consistent with the measured 
roll/bounce characteristics o f the road profile described above.

Figure 6.11 shows spectral densities o f measured bounce and roll accelerations (units (m/s2)2/Hz and 
(rad/s2)2/Hz respectively) for the fully laden vehicle at 22m/s. Both spectral densities are plotted on 
the same axes. This is equivalent to comparing the average (z\ + 1 *1) 1 2  and difference (z'] -  fy) 12 
of vertical accelerations ï\  and z*2 at points lm  each side o f the longitudinal vehicle centreline.

Figures 6.1 la,b  show that in the range l-4H z the sprung mass roll accelerations measured at the rear 
of the tractor and the rear of the trailer are small compared to the bounce accelerations. (The peak at 
7Hz in these graphs is due to trailer bending, described later). This confirms that low frequency 
sprung mass roll motions are small. However, figure 6.1 la  shows that in the range 12-15Hz the roll 
acceleration at the rear o f the tractor frame is very large, particularly when compared to the roll 
acceleration o f the trailer, figure 6.11b. This is likely to be because the rear portion of the tractor 
frame has low mass and is torsionally flexible. The rear of the tractor frame appears to follow the 
roll motion of the drive axle closely, figure 6.1 lc.
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(a) Rear o f tractor frame. (b) Rear of trailer frame.

(c) Drive axle. (d) Leading trailer axle.

Fig. 6.11 Bounce and roll acceleration spectral densities - fully laden, 22m/s. From [121],
------------ bounce (units: (m/s2)2/Hz)..............roll (units: rad/s2)2/Hz)

The bounce and roll acceleration spectral densities of the leading trailer axle are shown in figure
6.1 Id. The peak at 14Hz corresponds to the tandem axles rolling in antiphase with respect to each 
other, and the peak at 15Hz corresponds to the axles bouncing in phase with respect to each other. 
In these two modes there is significant motion of the levelling beams. The peak at 22Hz corresponds 
to the axles rolling in phase with respect to each other, and the peak at 24Hz corresponds to the axles 
bouncing in phase with respect to each other, but in each of these modes there is little motion of the 
levelling beams.

These results suggest that for simulating the sprung mass modes (MHz) of heavy lorries travelling 
under typical operating conditions, it is satisfactory to model the vehicle in only two dimensions. 
The simulation of the unsprung mass modes (10-15Hz) in two dimensions may or may not be 
satisfactory, depending on the characteristics of the suspension and the roll behaviour of the sprung 
masses.
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For this particular vehicle the contribution o f the unsprung mass modes to the dynamic tyre forces is 
generally small compared to that of the sprung mass modes. This is typical of many heavy vehicles 
[172, 229, 337, 443]. For these vehicles, two-dimensional models are likely to be adequate for 
simulating dynamic tyre forces.

Some types o f  suspension do generate large tyre forces at high frequencies. The worst cases are 
tandem  suspensions w ith lightly dam ped pitch modes (for example, walking beam suspensions 
[443]). O ther suspensions, such as those with air springs, can generate low dynamic tyre forces 
with contributions o f sim ilar m agnitudes from sprung and unsprung mass modes [337]. In these 
cases a three-dimensional model may be necessary for accurate simulation of dynamic tyre forces.

Whcd Non-uniformities
Several experim ental studies have noted a contribution to dynamic tyre forces from wheel out of 
balance, radial run-out, or circum ferential stiffness variations [94, 190, 229, 406, 443, 491]. The 
effects o f wheel non-uniform ities on dynam ic tyre forces are usually only detected when the 
excitation from  the road roughness is small [94, 190]. The wheel rotation frequency for the test 
speed o f 22m /s is 7.1Hz. The tyre force spectral densities shown in figures 6.5a,b do not show any 
significant peaks at this frequency.

Trailer Bending.

Figure 6.12a shows the measured te n d in g  acceleration'1 response of the half laden trailer at 13m/s 
and 22m/s. The graph indicates a lightly damped peak at 9 to 10Hz, with slightly greater response at 
the higher test speed. Figure 6.12b shows the corresponding responses for the fully laden trailer. 
T he resonant frequency has decreased to  7Hz, as would be expected from the increase in trailer 
m ass. T he response at the higher test speed is significantly greater than at the lower speed. This is 
likely to be because wheel rotation frequency at a vehicle speed of 22m/s coincides with the 7Hz 
resonant frequency. In all four cases of speed and payload, examination of the corresponding tyre 
force spectral densities revealed very little response at the trailer bending resonant frequency, (see 
also Section 6.3.4).

(a) Half laden.
(b) Fully laden.

Fig. 6 .12 Trailer bending acceleration. From [121]. -------------22m/s, .........................13m/s

The 'bending' acceleration is the difference between the accelerations o f the centre and the ends o f the trailer.
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The implication of these results is that it is satisfactory not to include frame bending modes when 
simulating dynamic tyre forces. This is in contrast to simulating ride accelerations, when frame 
bending can be very important [168, 169, 170,188,190,243,400j1. These results may depend on 
the distribution of payload on the vehicle. During the vehicle tests the payload was concentrated at 
the two ends of the trailer (figure 6.7). Greater influence of frame bending modes on tyre forces may 
have been observed if the payload was distributed nearer the middle of the load bed.

6.4.2 Vehicle Model:

Vehicle Models

The non-linear vehicle vibration simulation method described in Section 5.5 was used to create three 
models of the test vehicle:

(i) A 6 degrees of freedom (DOF), two-dimensional trailer suspension model.

(ii) An 11 DOF, two-dimensional tractor and trailer model.

(iii) A 21 DOF, three-dimensional whole vehicle model, shown in figure 6.13.

Features of these models are:

(i) Non-linear leaf spring elements, the hysteresis characteristic being modelled according to the 
equation devised by Fancher et al [175], described in Section 4.3.

(ii) Anti-roll bars on the tractor axles (21 DOF model).

(iii) Viscous dampers on the tractor axles, with different rates in bump and rebound.

(iv) Tyres modelled as linear springs in parallel with light viscous dampers. The tyres can lose 
contact with the road [86,87].

(v) Simple tyre contact patch averaging for the envelopment of short wavelength irregularities 
[86, 87].

(vi) Rigid tractor and trailer sprung masses.

Inertia properties of the sprung and unsprung masses were estimated using the measured static tyre 
forces and dimensions of the test vehicle. Tyre stiffness values were derived from manufacturer's 
force-deflection data. Parameter values for the three-dimensional model are given in [113].

Tractor Suspension Model

Tractor suspension properties were provided by the manufacturer. The leaf spring data consisted 
only of values for linear (large deflection) stiffness. The hysteresis characteristics were estimated 
from results of tests on springs of similar type [89,175,498,500].

Four-Spring Trailer Suspension Model

The four-spring trailer suspension consisted of two mono-leaf springs attached to each axle. The 
springs had slipper mounts at each end, and longitudinal location of each axle was provided by two 
radius arms (figure 6.8).

The force-deflection characteristic of a single trailer leaf spring tested on a laboratory rig (with slipper 
end mounts, but without radius arms), was provided by the suspension manufacturer and used to 
determine suitable values for the parameters of the leaf spring model. The manufacturer’s data and 
the fitted characteristic are shown in figure 6.14.

1 Frame bending vibration is often an important consideration in heavy vehicle ride vibration, particularly if the frame 
bending frequency coincides with the wheel rotation frequency. Accurate analysis of this problem requires vehicle 
models with flexible frames and excitation due to tyre non-uniformities [243].
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Fig. 6.13 21 D O F three-dimensional whole vehicle model. For clarity, the force elements necessary for simulating
the trailer suspension radius arms are not shown. Double-headed arrows indicate angular motion or 
torque. From [121].

The effects o f  the forces in the radius arms on the behaviour of the suspension were modelled using 
the following assumptions:

(i) small displacements about the equilibrium position;

(ii) friction forces at the slipper ends are horizontal and normal forces are vertical.

(iii) pitch moments applied by the axle tubes and by rotational inertia of the axles are zero;

(iv) longitudinal acceleration of the unsprung masses is zero;

(v) the leaf springs are treated kinematically as a rigid beams.
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Fig. 6.14 Measured and simulated behaviour of a single trailer leaf spring. From [88]. 
__________ manufacturer's data.............fitted characteristic

The idealised geometry used for this analysis is shown in figure 6.15a. Each leaf spring is 
considered to consist of a non-linear vertical stiffness and a linear pitch ('wind-up') stiffness Ty (at 
the point RQ in figure 6.15a). The vertical displacement of the axle is i  and the pitch angle is 0y.

The pitch angle across the two ends of the leaf spring is 0 ', and is directly related to the pitch angle 
of the levelling beam 0/ by

0/b = -2aBy. (6.2)

The angular deflection across the pitch stiffness Ty is therefore

■ v r ç . (6.3)

where $w is the ’wind-up’ angle. When there is no force in the radius arm Qw is zero. The 
radius arm provides a kinematic constraint such that

0  -
y c (6.4)

Thus from (6.2) to (6.4)

ztanfl
°W------------ + ,c la (6.5)

This equation gives the angular deflection 9W across the pitch stiffness of the spring in terms of the 
displacement of the axle z and the pitch angle of the levelling beam 0/, assuming that there is no 
horizontal movement of the spring due to sliding at the slipper ends of the spring.

Now consider the forces acting on the spring and axle assembly (figure 6.15b). The torque Ty 
necessary to cause the wind-up 0W> and the corresponding horizontal force Ft, applied by the radius 
arm are given by

Ty = ewr,, (6.6)

(6.7)
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(a) Trailer suspension geometry. (AU displacements are relative to the trailer sprung mass).

F ,
massless beam

axle assembly, mass m« 
(zero pitch inertia)

(b) Forces acting on the idealised spring and axle.

Fig. 6 .15  Trailer suspension model. From [121].

The horizontal component o f force in the radius arm Fh is reacted by the horizontal friction forces 
Ffj and Ffz at the spring ends. There is therefore a limit to the force Fh that can be generated, 
determined by the coefficient o f friction Ц and normal forces Frj and Fr2  at the spring ends,

(6-8)

If the horizontal force Fh calculated from (6.8) is greater in magnitude than then sliding

at the slipper ends is assumed to occur, and Fh is limited to |Л |• "'max
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When sliding occurs, the vertical component of the arm force Fv and the torque Ty acting on the 
spring are given by

ti (6.9)

Ty =cFh, (6.10)

where Fh is limited according to (6.8).

The tandem suspension is modelled by treating each spring as a rigid massless beam with a non
linear leaf spring element at each end. The vertical component of the arm force Fv (from equation
6.9) is applied between the axle and chassis, along the vertical centreline of the axle. Horizontal 
suspension forces are not calculated in the vehicle simulations, therefore the two slipper friction 
forces and the equal and opposite horizontal component of radius arm force are applied as the pitch 
moment Ty (from equation 6.10), between the axle and chassis. The levelling beam pivots on a 
bush with linear pitch stiffness X\.

Published measurements from tests performed by TRRL on the test trailer [425] were used to 
determine values for the parameters of the tandem suspension model. In the TRRL tests, the laden 
trailer was supported at the fifth wheel by a crane, and weighpads were placed under each wheel to 
measure the tyre forces. The fifth wheel was raised and lowered through several cycles to give a 
trailer pitch angle amplitude of 0.8*. The force amplitude at the tyres was measured to be 10.3kN for 
the leading axle and 7.6kN for the trailing axle. The maximum tyre force occurred on each axle 
when the corresponding axle to trailer frame distance was a minimum. The measurements were 
repeated with PTFE inserts in the slipper end mountings, and the measured force amplitudes were 
3.5kN and 2.8kN. The static inclination of the radius arms p was measured to be 12*.

The 6 DOF trailer suspension model was used to simulate the TRRL tests, by running the model 
slowly over a sinusoidal road profile with displacement amplitude 14mm and wavelength equal to 
twice the axle spacing. The values of the tandem suspension model parameters were chosen to give 
best agreement with the TRRL measurements [113]. Figure 6.16 compares the TRRL measurements 
with the results of the simulation.

(a) Test with low friction PTFE inserts in the slipper (b) Test with standard slipper ends 
end mountings. (metal to metal sliding).

Pig. 6.16 Measured and simulated trailer tilt tests. The measurements are from tests performed by TRRL. The
horizontal axis is the road profile displacement seen by the leading axle in the simulation. From [121].
----- o ------ = measured leading axle tyre force; ----- a----- = measured trailing axle tyre force
.....................simulated tyre forces.
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The difference in force amplitudes for the leading and trailing axles measured in the tests could not be 
sim ulated. Use of unequal friction coefficients Ц, unequal wind-up stiffnesses fy, and unequal 
radius arm inclinations p  between the two axles in the simulation all gave equal force amplitudes.

The main features o f  the simulated tyre force response shown in figure 6.16b will now be described. 
Starting at the point o f minimum tyre force on the leading axle (point A), the tyre force increases at a 
rate controlled mainly by the w ind-up stiffnesses o f both leading axle and trailing axle springs. At 
point B, sliding begins at the slipper ends o f the now lesser-laden trailing axle spring. The leading 
axle tyre force then increases at a lower rate, because the trailing axle radius arm cannot exert any 
further force. On reversing the tyre displacem ents at point C, sliding at the ends of the trailing axle 
spring stops, and the tyre forces again change at a rate controlled by the wind-up stiffnesses of both 
springs. At point D, sliding begins at the ends o f the leading axle spring.

T he corresponding m easured characteristic in figure 6.16b does not show the distinct changes in 
stiffness predicted  by the sim ulation; this is likely to be because in practice the transition from 
sticking to  sliding occurs gradually. Non-linearity in the wind-up stiffness Ty, may also cause 
discrepancy between measurement and simulation.

D isp lacem ent o f  both axles in phase w ith each other was simulated, and the force-deflection 
behaviour was very sim ilar to that o f  the single spring without radius arm (figure 6.14). This is 
because the high vertical stiffness allows only a relatively small vertical displacement to occur, which 
is insufficient to generate large forces in the radius arms. However, it is clear that the radius arms 
strongly affect the pitch behaviour o f the suspension.

6.4.3 Vehicle Simulation Results 

Three-Dimensional Model

R esponse tim e histories for the 21 DOF three-dimensional model were calculated by numerical 
integration, using the measured test lane profile as the input.

Figure 6.17 show s m easured and sim ulated tyre force histories for the nearside wheels of the fully 
laden vehicle travelling at 22m/s. In this figure, the horizontal axes show the position of each axle 
along the test section. Slight variations in test vehicle speed mean that the measured and simulated 
force histories are not alw ays exactly synchronised: the maximum discrepancy in longitudinal 
position apparent from  these graphs is about ±0.5m.

Figures 6.18 compares measured and simulated response spectral densities for the fully laden vehicle 
at 22m/s. Figures 6.18a-d correspond to the tyre forces in figure 6.17. Figure 6.18e is the vertical 
acceleration of the leading trailer axle, and figure 6.18f is the pitch acceleration of the tractor sprung 
mass. Overall the agreement between measurement and simulation is very good.

The tyre force spectral densities show som e small discrepancies in the region of the sprung mass 
modes (l-4H z), although the frequencies agree quite closely (figures 6.18a-d). In the region of the 
unsprung mass modes (10-15Hz) the steer and drive axle tyre forces and the leading trailer axle 
bounce acceleration agree quite closely (figures 6.18a,b,e), but the agreement is not so good for the 
trailer axle tyre forces (figures 6.18c,d). These results suggest that further refinement of the trailer 
suspension model is needed to simulate its complex behaviour accurately. Comparison of measured 
and simulated responses for other conditions o f speed and payload showed similar agreement 1113].

Some of the low frequency discrepancies may be partly due to the assumption of rigid sprung 
masses. For example, in figure 6.18f the measured tractor pitch response shows a small contribution 
from trailer bending at 7Hz (see also figure 6.12). The measured sprung mass ‘whole body’ 
motions (roll, bounce, pitch) may be inaccurate because the accelerometer data reduction cannot 
distinguish exactly between ’whole body’ motion and flexible frame motion, as described in [87, 
88]. The tractor sprung mass was treated as one rigid mass. In practice the cab and engine are 
flexibly mounted to the chassis, and have modes of vibration in the frequency range of interest.



103

(a) Steer axle.

(b) Drive axle.

(c) Leading trailer axle.

(d) Trailing trailer axle.

Fi« 6.17 Measured and simulated nearside (ns) tyre force histories - fully laden.22m/s
------------------  measured; ............ .. simulated

From [121).
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(a) Steer axle ns tyre force.
(b) Drive axle ns tyre force.

(c) Leading trailer axle ns tyre force. (d) Trailing trailer axle ns tyre force.

(e) Leading trailer axle bounce acceleration. (f) Tractor sprung mass pitch acceleration.

Fig. 6.18 Measured and simulated spectral densities - fully laden, 22m/s. From [121]. 
---------------m easured................simulated
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c a s e  s t u d i e s  in  v e h ic l e  s im u l a t io n

(a) Drive axle ns lyre force history.

(b) Trailing trailer axle ns tyre force history.

(d) Trailing traite « te № ■ <«<* 4 *"* 'de“ “y
(c) Drive axle ns tyre force spectra) density.

%  6Л9 Tyre force responses from 1 1 DOF and 11 DOF models fullylldcn- 22m/s ^  " 2"

---------21 DOF three-dimensional model.
..............П DOF two-dimensional model.
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An additional source o f error may be the tractor suspension parameters, which were derived entirely 
from  the m anufacturer's data and published measurements on similar components. Ideally the 
suspension properties w ould be determ ined from ’in-situ' tests [498, 500]. The simple bilinear 
characteristic used for the damper simulation is also likely to be inaccurate (see Section 4.4).

Experim ental error and data processing may contribute to some of the discrepancy between 
m easurement and simulation. It is estimated that the vehicle speed varied by up to ±5% during each 
test run. The error in the tyre forces m easured by the lorry instrumentation was estimated to be 
1.5% RM S [113].

It is difficult to determ ine how each o f the possible sources o f error contributes to the overall 
discrepancy. However, none o f the experimental or numerical errors are thought to be excessive, 
and therefore the results of this study indicate the likely agreement that can be obtained when using a 
non-linear, rigid body vehicle model with accurate road profile input and good estimates of the 
vehicle properties. Overall, the agreement is considerably better than that achieved in previous heavy 
vehicle sim ulation validation studies [86, 88, 229, 2 4 3 ,4 0 0 ,406 ,478 ,491].

C o m p a riso n  o f  T w o an d  T h ree -D im en sio n a l M odels

R esponse tim e histories for the 11 D O F model were calculated using the nearside wheel track of the 
m easured lane profile as input. Figure 6.19 compares nearside tyre force histories and spectral 
densities o f  the 21 D O F and 11 DOF m odels (fully laden, 22m/s). Similar results were obtained for 
the offside wheel track.

A greem ent betw een the two models is good in the region of the sprung mass modes. At this speed, 
sprung m ass roll m odes are not excited significantly (Section 6.4.1), and therefore the two models 
are expected to give similar results. (The two models give identical results when the 21 DOF model 
has a symmetrical road profile input).

There is significant difference between the tyre force responses of the two models in the region of the 
unsprung m ass modes (above 10Hz). This is because the unsprung mass bounce and roll modes are 
excited by the road profile and they do not have similar frequencies and damping.

In sum m ary, a two-dimensional model may be satisfactory for predicting the tyre forces of a heavy 
vehicle if:

(i) the vehicle speed is high enough to prevent excitation of sprung mass roll modes, and

(ii) the unsprung mass modes have similar frequencies and damping in bounce and roll, or the 
contribution o f unsprung mass modes to the tyre forces is small.

The benefits o f using a two-dimensional model are significantly simpler model creation and lower 
computation time. The three-dimensional model described here required approximately three times 
more CPU time, than the two-dimensional model.

6.5 CONCLUSIONS

(i) A three-dimensional simulation of a rigid commercial vehicle operating in a harsh vibrating 
environment was performed. It was necessary to consider carefully the short wavelength 
road roughness and the filtering o f this roughness by the vehicle tyres. Also important were 
the major sources o f vehicle nonlinearity including the departure of wheels from the road 
surface, bump stop contact, bogie pitch friction and leaf spring hysteresis. The agreement 
between experiment and simulation was good. (ii)

(ii) Tests were performed on a leaf-sprung articulated vehicle. Analysis o f the measured tyre 
forces and road profile indicated that under normal operating conditions sprung mass roll 
motions do not contribute significantly to tyre forces. The contributions of unsprung mass 
modes and wheel non-uniformities to the tvre forces were also small.
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(iii) A trailer frame bending mode at 7-10Hz did not significantly influence the dynamic tyre 
forces. Torsional frame resonance was not apparent, but torsional flexibility of the tractor 
frame and fifth wheel was thought to influence the roll response of the rear of the tractor 
frame and the drive axle.

(iv) The main sources of error in the simulation were thought to be the trailer suspension model 
properties and the assumption of rigid sprung masses.

(v) The tyre force responses of an 11 DOF two-dimensional model were compared with those of 
the three-dimensional model. The results suggest that the resonant frequencies and damping 
of the unsprung mass roll modes could be significantly different from those of the bounce 
modes. It may therefore be necessary to use a three-dimensional model when the unsprung 
mass roll modes contribute significantly to dynamic tyre forces.

(vi) A two-dimensional model (pitch-plane) should be satisfactory for predicting the tyre forces 
of typical leaf-sprung articulated vehicles with well damped suspension modes, operating 
under typical conditions of speed and road roughness.

6.6 SUMMARY OF VEHICLE MODELLING GUIDE-LINES

As a consequence of the case studies presented in this chapter, it can be seen that dynamic tyre forces
can be predicted quite accurately for highway conditions using relatively simple vehicle models, by
observing the following modelling guide-lines:

(i) The road profile input must be known accurately. For validation purposes it should 
preferably be obtained from measurements on the test section.

(ii) The nonlinear characteristics of the suspensions must be modelled accurately.

(iii) The payload distribution must be modelled accurately.

(iv) The models should have the correct arrangement and longitudinal spacing of wheels along the 
vehicle, so that wheel-base filtering effects are included correctly.

(v) The sprung masses can be assumed rigid, and frame flexibility ignored.

(vi) Pitch-plane models are usually sufficiently accurate, and roll freedom can often be ignored.

(vii) The effects of tyre non-uniformities can generally be neglected.

(viii) The effects of tyre envelopment of short wavelength road surface roughness can be neglected 
for normal highway speeds. For simulations of low speed travel over rough roads, tyre 
envelopment can be approximated by smoothing the profile with a 'moving average' 
equivalent to the tyre contact length.
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7.1 SUMMARY

M ethods fo r m easuring dynam ic tyre forces are presented. The most important features of dynamic 
tyre forces are then reviewed. These include their amplitude statistics; frequency content; and the 
e ffec ts o f  n o n lin ea ritie s, w heelbase  filtering , cross-coupling between suspensions, payload 
d istribu tion , structural vibration, roll m otion, tyre non-uniformities and 'spatial repeatability'. 
Finally the effects o f  tyres and suspensions on dynamic tyre forces are discussed.

7.2 INTRODUCTION

D ynam ic tyre fo rces are thought to be a cause o f increased damage to roads caused by heavy 
vehicles. For m any years, research into 'vehicle-highway interaction' involved measuring or 
sim ulating the dynam ic tyre forces generated by heavy vehicles, without reference to the response of 
the road (or bridge) surface. As a consequence, there is considerable literature concerning dynamic 
tyre forces generated by trucks.

In m ore recent times, the response o f road and bridge surfaces to dynamic vehicle loads have been 
investigated. In order to understand the interactions between the vehicle and its guideway, and hence 
to  devise im provem ents or assessm ent procedures for either system, it is useful to have a basic 
understanding o f the principal features o f  dynamic tyre forces.

This chapter reviews som e o f the im portant literature concerned with measuring and simulating 
dynamic tyre forces, and attempts to draw-out some general conclusions about their features and the 
influence o f suspension design.

7.3 MEASURING DYNAMIC TYRE FORCES

A variety of techniques can used for measuring the dynamic tyre forces generated by heavy vehicles. 
For testing programs involving a limited number o f vehicles, it is convenient and practical to mount 
instrumentation on each vehicle. In some applications, however, it is desirable to measure dynamic 
tyre forces without instrum enting vehicles. For example, in studies o f road damage, it may be 
necessary to test many vehicles -  on a public highway, or in a 'road-friendliness' test for regulatory 
purposes. In these cases, road-based instrumentation can be used. Both vehicle-based and road- 
based instrumentation systems are discussed below.

7.3. J Vehicle-Based Instrumentation Systems 

S tra in -g a u g ed  axles

Perhaps the simplest method for measuring dynamic wheel forces is to strain gauge the axle housing 
between the spring mounting and brake back plate, to measure bending moments due to vertical tyre 
forces [87, 115, 215, 295, 336, 337, 491, 505]. The bending strain is proportional to the shear
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force carried by the axle, providing the lateral movement of the tyre contact centre of pressure is 
small compared with the distance between the static centre of pressure and the strain gauge 
installation. It is necessary to correct the measured shear force for the inertia (linear and angular) of 
all wheel and axle components 'outboard' of the load cells (axle housing, brakes, wheel and tyre) 
[881. Mitchell and Gyenes [337] claimed measurement errors of 3-5% with their system.

Le Blanc et al [299] noted that this method becomes inaccurate in the presence of side forces or roll 
motion and they recommended that strain gauges be used to measure the shear force carried by the 
axle rather than the bending moment.

Shear gauges 
(front and rear)

Bending gauge (bottom)

(b) Expanded view of axle stub 
showing strain gauges

Й = Accelerometer 
— = Strain gauge

(c) Free-body diagram 
of wheel and axle stubm = Outboard mass 

I = Roll inertia of outboard mass 
2 = Vertical acceleration of axle center 
ф = Roll acceleration

Fig. 7.1 Instrumentation layout for measuring dynamic tyre forces using strain-gauged axles.

The instrumentation system consists of two accelerometers that measure the vertical accelerations 1 \ 
and 22» of the axle as shown in figure 7.1a, and either of two different strain gauge arrangements 
(figure 7. lb):

(i) two strain gauges mounted on the upper and lower surfaces of the axle that measure bending 
strains and hence the bending moments Mi and M2, (two additional dummy gauges would 
normally be used for temperature compensation),
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(ii) two pairs of strain gauges mounted on the front and rear faces of the axle, oriented at 45* to 
the vertical, that measure strains due to axle shear and hence shear forces S i and S2.

The accelerations are used to correct the measured bending moments or shear forces for the 'inertia 
force* and couple generated by acceleration of the 'outboard mass' (the mass o f wheel components 
outboard o f the strain gauges).

In the frequency range o f interest, the vertical acceleration o f the centre of the axle 2g and the roll 
acceleration of the axle ф can be determ ined from the calibrated outputs of the accelerometers, 
according to:

*0 = ^ (7.1)

1- Z2 - Z 1
9  2 b i  • (7.2)

where 2b 1 is the spacing o f the accelerometers.

Assum ing the roll angle ф is small, and using equations 7.1 and 7.2, the vertical acceleration of 
point Q  (the centre o f gravity o f axle components outboard of P) is given by:

2q  = Iq + Ь4ф

The vertical acceleration 2q  o f  the outboard m ass m results in an inertia force -mZQ and the 
rotational acceleration ф o f the outboard components results in an inertia couple -1ф, where I is 
the roll inertia about Q  o f  the com ponents outboard o f P. These are shown on the free body 
diagram of the right hand wheel in figure 7.1c.

Consider dynamic vertical equilibrium  o f the forces, plus the inertia force and couple, acting on the 
right hand wheel and axle. Using Newton's second law (or d'Alembert's principle), it can be seen 
that the tyre force F2 is related to the shear force S2 (measured by the shear strain gauges) and 
acceleration by :

F 2 =  S2 + mZQ, (7.4)

where the acceleration 2q  can be obtained from equation 7.3. A similar equation applies for the 
other dynamic tyre force F j.

Alternatively, considering dynamic moment equilibrium about point P  for the outboard mass, it can 
be seen that the tyre force F2 is given by:

F 2 =  Л [ М 2 +  1ф +  Ьг m 2q ],
t>3 (7.5)

where the acceleration terms can be obtained from equations 7.2 and 7.3, and M2 is measured by 
the bending strain gauges.

The strain gauge bridges can be calibrated by driving the wheel onto a static weighing pad and then 
gradually jacking-up the vehicle to reduce the load on the wheel, while recording the outputs of the 
weighing pad and strain gauge bridge simultaneously.

The main advantage of measuring the bending moments Mj and M2 instead of the shear forces Sj 
and S2 is that the bending strains are larger than the shear strains (by a factor of approximately 2.5 
(299]) and therefore the measurements are less prone to noise. The main disadvantage of using 
bending gauges is that roll or side-slip motion can cause errors due to side forces or variation of the 
moment arm Ьз. Furthermore, the outboard mass m can be measured or estimated quite easily, but 
the roll moment of inertia I cannot. For these reasons, Le Blanc et al [299] recommended the 
shear force method defined by equation 7.4.
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Tyre P ressure M easurements

Attempts to measure dynamic forces by monitoring tyre pressure variations [215,380,491] have not 
been successful due to the nonlinear, frequency-dependent relationship between tyre force and 
pressure change*.

Several systems based on the measurement of tyre deflections have been developed. These include
(i) measurement of vertical deflections using an optical sensor mounted on the axle [3,83,155j, or a 
potentiometer mounted in the wheel rim of a tubeless tyre, joined to the inner liner of the tyre by a 
cable [479]1 2 and (ii) measurement of the lateral deflections of the side wall by a mechanical or 
electrical pick up [479]. These methods can give erroneous results when the tyre is rolling with side
slip. Both methods use the assumption that the vertical stiffness of the tyre is independent of rolling 
velocity. This assumption is not correct [479], and in practice, this means that the measurement 
system must be calibrated in the laboratory with the tyre on a 'rolling road', for a range of speeds.

Vehicle Body Accelerations

Hahn [213, 215] determined the wheel forces generated by a 2-axle bus, by measuring the 
accelerations of the sprung and unsprung masses and multiplying these by appropriate inertias. This 
method is suitable only for simple vehicles (with one or two axles). Furthermore, flexural vibration 
of the vehicle frame introduces significant errors [213]3.

Instrum ented Hubs

A number of workers [172, 213, 214, 215, 229, 406, 442, 443, 491] have used strain gauged hubs 
(first developed by General Motors), described in detail by Whittemore et a/, [491], and shown in 
figure 7.2. The transducers measure forces acting in the plane of the wheel, between the rim and 
hub, by monitoring two orthogonal force components whose axes rotate with the wheel. Vector 
addition of these components yields the resultant force in the wheel plane. A correction for the inertia 
of the wheel rim and tyre may be included [172,229,406,491]. A number of significant technical 
difficulties exist in the calibration and data processing. These are described in detail in [172, 229, 
491].

C om parison

A comparison of the accuracy of various tyre force measurement methods, as a function of 
frequency, is presented in figure 7.3, from [215]. It can be seen that the instrumented hub is 
considerably more accurate than the other methods, throughout the frequency range.

Sweatman [445] presented a brief review of the methods described above and concluded that 
instrumented hubs are most accurate, but also the most complex, and that strain gauging the axles is 
the only practical way to measure the tyre forces generated by all axles simultaneously.

1 This meihod was first used in the AASHO road test [7. 181] when it was reported that a linear corrélation was 
obtained between dynamic axle load measured on an electronic weigh scale, and tyre pressure change Subs^uem 
research has shown this to be incorrect

2 Hu [244] deduced the tyre forces developed by a vehicle on a road simulator (electro-hydraulic shaker rig» by 
measuring tyre deflection with a linear displacement transducer.

3 WtMXlrooffc et al (506) proposed a suspension testing procedure using this method to measure the forces generated by 
suspensions mounted on a purpose-built trailer.
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Fig. 7.2 GM  wheel force transducer, from [491].
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Fig. 7.3 The accuracy of various wheel force measurement systems as a function of frequency. From Hahn [215].

7.3.2 Road-Based Instrumentation Systems

Dynamic wheel loads have been measured at particular points on a road with weigh plates imbedded 
in the road surface [71, 302, 491], or with piezoelectric cables [178]. Such systems are generally of 
limited use because they only measure dynamic loads over very short lengths of road.
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To collect statistically representative dynamic tyre force data, it is necessary, to use an array of 
sensors, spaced regularly along the road. The equipment must satisfy three main requirements:

(i) Accuracy: The individual sensors must measure the instantaneous dynamic tyre force 
accurately. This requires sensors with low noise, good resolution, high frequency response, 
linearity, repeatability and uniform sensitivity across each sensor. Low temperature 
sensitivity and low cost are also desirable.

(ii) High frequency tyre forces: The sensors must be spaced sufficiently closely to measure 
dynamic tyre forces at the highest frequency of interest. In order to avoid 'aliasing'1, at least 
two sensors are needed per dynamic tyre force cycle. The limiting condition occurs at the 
'wheel-hop' frequency, for vehicles travelling at low speeds. Assuming that the minimum 
speed of interest is 16 m/s (60 km/h), and that the maximum frequency of interest is 20 Hz, 
one dynamic tyre force cycle corresponds to a wavelength along the road of 
16/20 = 0.8 m, and the sensor spacing should therefore be approximately 0.4 m.

(iii) Low frequency tyre forces: The instrumented length of road must be sufficiently long to 
measure a statistically representative number of dynamic tyre force cycles. Therefore the 
second limiting condition corresponds to high vehicle speeds and low frequency tyre forces. 
If the lowest frequency of the tyre forces is 2.0 Hz and the maximum vehicle speed is 
25 m/s, then one dynamic force cycle corresponds to a wavelength of 12.5 m. In order to 
measure 8 complete dynamic force cycles, an instrumented length of 8 x 12.5 = 100 m 
would be needed2.

Therefore the ’ideal’ sensor array would have perhaps 250 sensors spaced at 0.4 m intervals, along 
at least 100m of road. The concept is shown schematically in figure 7.4.

Fig. 7.4 The 'ideal' arrangement of road-mounted sensors for measuring dynamic tyre forces without on-vehicle 
instrumentation.

A novel ’wheel load measuring mat' was developed by Cole and Cebon for measuring dynamic tyre 
forces [116, 119]. The mat's configuration corresponds approximately to the 'ideal' arrangement of 
sensors described above. It consists of 1.5 m square polymer 'tiles', each 13 mm thick. Each tile

1 Aliasing occurs when an analogue signal is 'digitised' (sampled) at a frequency that is too low: less than two 
samples per cycle. If aliasing occurs, it is not possible to resolve the frequency content correctly from the sampled 
data. See any book on digital signal processing for details, eg. (355).

2 A statistical analysis of this problem is presented in Section 27.4, where it is shown that the length of road needed to 
predict the statistics of the dynamic tyre load accurately is in fact nearer 250 m.



1 1 4 V E H IC L E  -  R O A D  IN T E R A C T IO N

con ta ins three narrow» capacitative  strip  transducers» of length 1.5 m, and thickness 9 mm, 
m ounted perpendicular to the wheel path at 0 .4  m intervals. Any number o f tiles can be laid end-to- 
end, and attached to the road.

A schem atic cross section o f an encapsulated capacitative strip sensor is shown in figure 7 .51. Tyre 
con tact pressure applied to the top surface o f the m at causes the top ’plate' of the aluminium 
extrusion to deflect and hence the air gap betw een the top plate and the inner copper electrode is 
reduced. T his results in an increase in the capacitance of the device, which, with appropriate 
p rocessing , can be  re la ted  directly  to the contact pressure change. In order to determine the 
instantaneous wheel load it is necessary to integrate the transducer output with respect to time for the 
duration  o f the tyre contact. D etails o f the sensor design theory and some sources of error are 
discussed in [119].

T he m at is portable so that it can be used on different road surfaces to establish the influence of road 
roughness on dynam ic tyre forces. For perm anent weigh-in-motion sites, the bare sensors can be 
glued into slots cut across the surface o f the road.

И

Copper
electrode

13 mm

Alum inium
extrusion Insulator

Fig. 7.5 Cross-section o f a capacitative strip sensor cast into a polyurethane tile. From [116].

A load-m easuring  m at has been used in two m ajor research projects. The first was performed during 
1989 in collaboration  w ith the University o f  M ichigan, on the Navistar test track in Fort Wayne, 
Indiana, as part o f a SHRP/1DEA project [ 101,102]. This installation contained 32 tiles, with a total 
o f  96 sensors. Six articulated vehicles w ere tested at speeds up to 80 km/h. The second study 
utilised a m at with 48 tiles and 144 sensors that was tested on the Transport Research Laboratory 
(TRL) test track in the UK, with 15 articulated vehicle combinations, and on the A34 trunk road near 
Oxford [129, 144]. In the latter tests, the dynamic wheel loads generated by approximately 2000 
heavy vehicles travelling at speeds o f 6 5 -8 0  km/h were recorded during 13 hours of testing on the 
highway (see figure 7.6). Som e results o f the first project are presented in Chapter 8 and results of 
the second are presented in Chapter 19.

In the SH R P study [101, 102], the individual sensors were found to be accurate in measuring 
dynam ic tyre forces to approxim ately 4% RMS; and the calibration factors were found to be 
independent of: (a) vehicle speed in the range 8 -8 0  km/h, (b) mat surface temperature in the range 
15-40 °C, (c) tyre contact width. (See also Chapter 8.)

1 The sensors are manufactured by Golden River Traffic, Ltd. in Bicester, Oxfordshire, UK.
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Fig. 7.6 Load-measuring mat with 144 capacitative strip sensors, installed on the A34 trunk road near Oxford in 
the UK.

7.4 PRINCIPAL FEATURES OF DYNAMIC TYRE FORCES

This section summarises some of the main research findings concerning the characteristics of 
dynamic tyre forces.

7.4.1 Probability Distribution

For continuous flexible or rigid pavements, the dynamic tyre forces generated by vehicles are 
generally observed to be broad-band, and close to Gaussian (normal probability distribution) ( 155, 
214, 405, 443J. This is consistent with the roughness of typical asphalt road surfaces, which can 
normally be considered to be homogeneous, Gaussian and random. It is not expected to be the case 
for rigid pavements with periodic joints between slabs, but no experimental observations of this point 
been found in the literature.

7.4.2 Magnitudes

The magnitude of dynamic tyre forces depends on the road surface roughness and speed of the 
vehicle, its configuration, geometry and mass distribution, as well as the properties of the 
suspensions and lyres.

Under normal operating conditions, Dynamic Load Coefficients (DLC) of 0.1 -  0.3 are typical f 172, 
214, 244, 313, 337, 442, 443, 505] however, Sweatman [443] and Woodrooffe et al [505] 
measured values up to 0.4 for particularly poor tandem suspensions. At this level of dynamic 
loading, the axles spend a significant proportion of time out of contact with the road surface and peak 
loads are approximately twice the static loads. According to Hahn [214], measured peak dynamic 
loads usually exceed the RMS levels by a factor of about 3. This is consistent with a Gaussian 
probability distribution.
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7.4.3 Frequencies

The vibration of heavy vehicles, and hence the dynamic wheel forces, fall into two distinct frequency 
ranges:

1.5-4 Hz: Sprung m ass bounce, pitch and roll vibration modes,

8-15 Hz: U nsprung mass bounce and roll modes, 'load-sharing' suspension pitch modes.

At 100 km /h, these m odes of vibration are excited by roughness irregularities with wavelengths of
6 .9  m -1 8 .5  m  and 1.9 m -3 .5  m respectively. Various experimental and theoretical studies [40, 
91, 115, 172, 229, 232, 244, 337, 491, 505] have shown that the lower frequency sprung mass 
m odes usually dom inate the dynam ic tyre forces on highways, except for vehicles which have axle 
group suspensions w ith poorly damped bogie pitching modes. This is illustrated in figure 7.7, from 
Ervin et al [172] which shows m easured spectral densities of the dynamic tyre forces generated by 
three North A m erican articulated vehicles, at speeds of 70 km/h (45 mph) and 90 km/h (55 mph). 
(This figure can be com pared qualitatively with figures 5.3, 6.18 and 6.19). The only suspension 
displaying significant high frequency force content is the walking beam. This occurs because the 
pitching m ode of vibration o f the walking beam  suspension has negligible damping, as observed for 
the sim ple model discussed in Chapter 5.

It is im portant to note that these suspensions are only found on a small proportion of heavy goods 
vehicles: approxim ately 15% o f new tractors, and less than 2% of trailers in the USA [347]. Mitchell 
and G yenes [337] noted, that the wheel-hop modes o f some air suspensions are lightly damped and 
that this m otion governs the peak transient load over an isolated irregularity, such as a pothole. This 
is corroborated by data presented by Gorge [200].

7.4.4 Effects o f  Nonlinearities

T he natural frequencies o f heavy vehicles can be dependent on the amplitude of vibration and hence 
on the roughness o f  the road surface. This is particularly important for leaf-spring suspensions 
w hich are nonlinear because of interleaf friction [89, 175]. In general the frequencies decrease for 
rougher roads [405]. See Sayers and Gillespie [405] for a detailed discussion of this effect.

For high friction levels and smooth roads, interleaf friction can effectively 'lock' the suspension, so 
that the vehicle vibrates on its tyres with no relative suspension deflection [3,405]. This can lead to 
lightly dam ped m otion at frequencies o f 3 -4  Hz with little energy dissipated by the suspension, and 
consequently high dynamic tyre forces.

7.4.5 Wheelbase Filtering

The dom inant frequencies o f dynamic tyre forces can change significantly with vehicle speed due to 
the phenom enon know n as 'w heel-base  filtering' [118, 190, 229,406]. This phenomenon can be 
explained as follows:

(i) All frequency (wavelength) components are present in the road surface roughness that excites 
vehicle vibration. However, geom etric effects can result in relative attenuation of some 
frequency com ponents and relative amplification of other components. (See Gillespie [190] 
for a detailed discussion.) These geometric effects depend on the spacings between axles and 
the speed o f the vehicle. The dom inant frequencies o f  excitation therefore change with 
vehicle speed.
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7.7 Tyre force spectral densities generated by three tandem suspensions on on aged Portland Cement Concrete 
roadway. After Ervin et al (172].

Articulated vehicles have at least three important low frequency (sprung mass) modes of 
vibration; each of which involves some pitching and some bouncing motion of bolh the 
tractor and trailer [118, 244]; and each of which is significant in the generation of dynamic 
tyre forces. These modes generally occur at distinct frequencies in (he 1.5Hz~4Hi range, 
and are shown for two mathematical articulated vehicle models in figure 7.8. These vehicle 
models are identical, except for the drive axle suspension. The one in figure 7.8a has a leaf 
spring suspension, while the one in figure 7.8b has an air suspension. Both vehicles have a 
gross mass of 32.5 tonnes, which is the curreni maximum for this vehicle contigujution in
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the UK. T he eigenvalues and vectors were calculated using the procedure described in 
Chapter 5.4.3.

(Ш) As a consequence o f (i) and (ii), the natural mode (and hence resonant frequency) which is 
excited most by the road input, changes with speed. Therefore the dominant frequencies of 
the dynamic tyre forces change with speed (see figure 7.9)

(iv) A sim ilar effect occurs for linked tandem  suspensions with lightly damped pitching modes. 
In this case, the effect of wheelbase filtering is to amplify bogie pitching motion (and hence 
high frequency dynamic loads) at some speeds, and attenuate them at others.

leaf air leaf

2.15H z 1.70Hz

1.46Hz 1.39Hz

leaf sprung drive axle air sprung drive axle

(a) Leaf sprung drive axle, (b) Air sprung drive axle.

Fig. 7.8 Sprung mass natural frequencies and mode shapes of two articulated vehicles. From [118].
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(a) Leaf sprung drive axle. (b) Air sprung drive axle.

Fig. 7.9 Simulated drive axle tyre force spectra] densities for the vehicles shown in figure 36. From [118],
(a) Leaf sprung drive axle, (b) Air sprung drive axle.

Figure 7.9a from [118] shows the simulated drive axle tyre force spectrum of the four-axle, leaf- 
sprung articulated vehicle, shown in figure 7.8a. When driven on a ’good' road at 22 m/s 
(80 km/h), it has a dominant resonant frequency of 2.4Hz. When the speed is increased to 31 m/s 
(110 km/h), the main resonant frequency increases to 3.1Hz, and a smaller resonant peak appears 
in the tyre force spectrum at 1.6Hz. A similar effect can be seen in figure 7.9b for the vehicle model 
of figure 7.8b, (the same vehicle as figure 7.8a, but with the leaf-spring drive axle suspension 
replaced by an air suspension). In this case, at 22 m/s (80 km/h) there is one dominant peak in the 
tyre force spectrum at 2.1 Hz, and at 31 m/s (110 km/h) there are two peaks, one at 1.2 Hz and 
one at 3.2 Hz.

It is apparent, therefore, that there is no real concept of the natural frequency of the suspension of 
an articulated vehicle, despite the fact that one is often quoted.

7.4.6 Cross-Coupling Between Suspensions

An important feature of the ride dynamics of articulated vehicles is that all of the suspensions and 
tyres are involved in the sprung mass modes of vibration [90,118,232,244].

Figure 7.10a shows simulated tyre force histories generated by the rear trailer axle of the two 
different four-axle vehicle models shown in figure 7.8, travelling at 31 m/s, from [118]. 
Figure 7.10b shows the corresponding spectral densities. The only difference between the two 
vehicle models is that one has a leaf spring suspension on the tractor drive axle (as per figure 7.8a), 
whereas the other has an air suspension (as per figure 7.8b). The graphs indicate that, for these 
particular operating conditions, fitment of the air suspension to the tractor drive axle increases the 
dynamic tyre forces generated by the trailer suspension. (The tyre forces generated by the leading 
axle of the trailer tandem are similarly affected.)
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(a) Rear trailer tyre force history

(b) Rear trailer tyre force spectral density.

Fig. 7.10 Simulated trailer axle tyre forces at 31 m/s (110 km/h). From [118].

T his im portant result show s that the tyre forces generated by an axle depend on the design of the 
w hole vehicle, not solely on the suspension of that axle. The simulation illustrates that it is possible 
to fit a 'good* suspension to one axle and thereby increase the dynamic tyre forces at other axles. 
T he consequences o f  this cross-coup ling  on the road damage done by the whole vehicle are 
discussed further in C hapter 28.

By implication, 'quarter-car1 models o f  articulated vehicles are not accurate for prediction of the road 
dam age done by a suspension. Furtherm ore it is necessary to account for the influence of each 
suspension system  on the tyre forces generated by each other axle group. It is otherwise 
questionable whether an analysis o f the tyre forces generated by a particular suspension gives a full 
picture o f the influence o f that suspension on the road damage done by the vehicle.

7.4.7 Influence o f  Payload Distribution

The important low frequency bouncing and pitching modes o f vibration, described in the previous 
sections, depend on the moments o f inertia of the tractor and trailer and therefore on the distribution 
o f payload.
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7.4.8 Effects o f Structural Vibration

From the limited evidence available, it appears that structural vibration of the frames of heavy 
vehicles does not contribute significantly to dynamic tyre forces [87, 121]. Although articulated 
vehicles can be subject to considerable frame-bending vibration, the suspension systems are located 
near to the nodes of the first bending vibration mode [190,243, 332,386,429], As a result, motion 
imposed on the axles by frame bending is small relative to motion caused by major sprung and 
unsprung mass rigid body resonances. (See Section 6.4).

7.4.9 Influence o f Roll Motion

Under normal highway operating conditions of roughness and speed, roll-plane excitation of heavy 
vehicles is small relative to pitch-plane excitation for frequencies below about 5 Hz [121,157,190). 
Thus, sprung mass roll resonances, which typically occur below 3 Hz [87, 190] are not excited 
significantly and hence do not contribute to the dynamic tyre forces. (See Gillespie [190] and Cole 
et al [121] for a detailed discussion.) At higher frequencies, around 8-15 Hz, unsprung mass roll 
and frame torsional resonances can be excited by the road roughness, but for most vehicles these 
vibration modes only make a small contribution to the dynamic wheel loads [87, 113, 191]. (See 
case study 2 in Chapter 6.)

7.4. JO Tyre Non-uniformities

Non-uniformities in truck wheels, such as radial run-out, circumferential stiffness variations and 
mass out-of-balance can sometimes lead to measurable dynamic tyre force variation at the wheel 
rotation frequency (6-8 Hz) and higher harmonics [172, 191, 362, 406, 491), as shown in 
figure 7 .11 from [192]. Wheel forces caused by non-uniformities are usually only significant for 
relatively smooth roads, when they can be of comparable magnitudes to the forces due to road 
roughness excitation.

Fig. 7.11 Measured and simulated tyre force spectral densities, showing the effect of tyre/wheel nonuniformity. 
Testing speed = 82 km/h, high speed test track. From [192J.

7.4. J1 Spatial Repeatability

There is a significant body of evidence which shows that for any given testing speed, the wheel load 
time histories generated by a particular heavy vehicle are repealed closely on successive runs over a 
given stretch of road [3, 200, 208, 213, 214, 365, 506]. This may be expected since the vehicle 
encounters the same road profile, and hence excitation, on each test run. This phenomenon has been 
termed 'spatial repeatability'. Figure 7.12, from [3], shows an early observation of the effect. It 
shows the wheel loads measured on the axles of a tandem leaf-spring suspension, when driven over
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Fig. 7.12 M easured dynamic wheel loads on each axle o f a leaf-sprung tandem, plotted as a function of distance, for 
three separate runs at 32 km/h. From [3J.

7.5 INFLUENCE OF TYRES AND SUSPENSIONS ON DYNAMIC TYRE 
FORCES

In 1984, M agnusson et al [3 I 3] presented a review of literature concerned with dynamic axle loads. 
Largely on the basis o f  the theoretical publications, they concluded that soft suspension springs and 
tyres o f  low  vertical stiffness are desirable for m inim ising dynamic loads.1 Furthermore, they 
concluded that an optim al level o f viscous damping usually exists, depending on the conditions, and 
that any dry (Coulom b) friction in the suspension usually increases dynamic tyre forces. Aurell [40] 
presented the results o f  experimental and theoretical parametric studies on suspension systems which 
agreed w ith M agnusson 's results. Heath [232] perform ed a parametric study of dynamic wheel 
loads for 4  linearised vehicle m odels travelling on random road surfaces. He corroborated the view 
that soft suspensions and tyres are desirable, but noted that for very low tyre stiffnesses it is possible 
for the low  frequency force com ponents due to sprung m ass motion, and hence the RMS force 
levels, to increase. Heath's results also indicated the existence o f optimal suspension damping levels 
and he noted that it is usually better to have too much rather than too little suspension damping.

There have been a num ber o f  m ajor experim ental studies o f  dynamic forces over the years. For 
example: W hittem ore et al [491 ] and Ervin et al [172] in the USA; Leonard et al [302], Addis et al 
[3], M itchell, G yenes and S im m ons [337, 425], and Cole, Cebon et al [129, 144] in the UK;
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Sweatman {442, 443] in Australia; Woodrooffe et ai [505J in Canada; and a West German study 
reported by Gorge [200J and Hahn [214].

Typical results showing the effects of speed and roughness on the dynamic load coefficients 
generated by various suspensions are shown in figure 7.13, after Sweatman (443J. (The 
suspensions are shown in figure 2.1.)

20 30 40 50 60
Speed (km/h)

70 80 20 30 40 50 60
Speed (km/h)

70 80

LEGEND
D1 Waking-beam RT 340 
D2 Walking-beam RT 380 
D3 Torsion bar 
D4 Single-point (*Big 6Г)
PS Dynalastic___________

T1 Four-spring 
T2 Six-spring 
T3 Air-bag tandem
T4 Air-bag triaxle

Fig. 7.13 Effects of speed and roughness (in units of'counts per kilometre*) on the dynamte load coefficients 
generated by various suspensions. After Sweatman [443].

In general, the researchers have drawn broadly similar conclusions about the effects of suspension 
and tyre types on dynamic tyre forces, and these conclusions corroborate the trends predicted in the 
theoretical studies described above.

(i) All studies found dynamic tyre forces to increase with speed (although not necessarily 
monotonically) and road roughness.

(ii) Sweatman [443] noted that reducing suspension stiffness generally reduces tyre forces.

(iii) Centrally-pivoted tandem axle suspensions such as 'walking beams' and 'single-point' 
suspensions were always found to generate the highest dynamic loads because of their lightly
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dam ped  p itching m odes at around 8-10 Hz. Hahn [214] noted however, that these 
suspensions can be improved considerably by suitable use of hydraulic dampers.

(iv) T our-spring’ tandem  suspensions w ere generally found to generate smaller dynamic loads 
than walking beam s. Torsion-bar and air suspensions generated the lowest loads.

(v) H ahn [214] noted that m odem  single-spring parabolic suspensions with good hydraulic 
dam ping w ere "not significantly worse" than stiff air suspensions. Conversely, Aurell [40] 
reported that air suspensions w ithout hydraulic dampers could generate significantly higher 
dynam ic loads than leaf spring suspensions.

(vi) T riaxle suspensions w ere found to generate smaller dynamic loads than tandem suspensions 
in several studies [214, 443, 505].

(vii) W o o d ro o ffe  et al [505] found that varying the axle spacing of an air spring tandem 
su spension  had neg lig ib le  e ffect on the dynam ic loads, whereas the Dynamic Load 
C oefficient (D LC ) generated by a four-spring tandem suspension varied considerably with 
axle spacing, depending on the speed and road roughness.

(viii) M itchell and Gyenes [337] found that their test suspensions ranked in approximately the same 
order o f  D LC 's, regardless o f  road roughness and speed. Other researchers, however, have 
not found this to be the case [2 14 ,443 , 504].

(ix) O n sm ooth road surfaces, friction w as found effectively to lock some leaf spring suspensions 
[3, 214]. This can lead to relatively large and lightly damped vibration of the vehicle mass on 
the  ty re  ’spring' stiffnesses.

(x) M ost research has indicated that low er tyre pressures usually result in reduced wheel loads 
[155, 172, 491]. Sw eatm an [442, 443], however, reported that for some suspensions the 
opposite  w as true. According to Ervin et al [172] this anomaly could be because Sweatman 
did not correct his m easured wheel forces for accelerations of the outboard mass, or due to 
"tuning” o f  one o f the test vehicle’s vibration modes to the particular road profile. A third 
possib le  explanation is the increase in the sprung mass contribution (to the wheel forces) 
sim ulated by Heath [232] and described above.

(xi) W ide-based  ’super single ' tyres w ere found by Hahn [214] to generate slightly lower 
dynam ic forces than dual tyres and Addis et al [3] noted that radial ply tyres are slightly 
preferab le  to bias-ply tyres. Both o f  these conclusions are consistent with the observed 
reduction of wheel loads with lower stiffness tyres.1

1 Note, however, that the net road contact area of wide single tires is significantly smaller than dual tires for the same 
load, and the contact pressures are consequently higher. As a result the overall road damaging potential of wide-single 
tires is thought to be considerably higher than dual pairs (see Section 17.3.4), despite the smaller dynamic tire force 
fluctuations.
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8.1 SUMMARY

The errors generated by Weigh-in-Motion (WIM) systems are characterised, and their sources are 
identified. Calibration procedures for maximising the accuracy of WIM systems are discussed.

A theory is developed for the design of Multiple-Sensor Weigh-in-Motion (MS-WIM) systems to 
minimise the errors caused by the dynamic axle loads of heavy vehicles moving at highway speeds. 
The theory is verified using measurements from a wheel load measuring mat of total length 38 m, 
incorporating 96 capacitative strip WIM sensors. The mat was installed on the Navistar test track in 
the USA. A total of 460 test runs was performed on six different articulated heavy vehicles, for a 
range of speeds between 8 km/h and 80 km/h.

The experimental results agree closely with theoretical predictions of multiple-sensor WIM 
performance and it is found to be possible, using a 3-sensor array, to measure static axle loads of 
most suspensions with approximately 6% RMS error, or less, for typical highway conditions of 
speed and road surface roughness. It is concluded that a good design for multiple-sensor WIM 
systems is to use 3 sensors, spaced evenly along the road. The sensors should be spaced according 
to a simple formula which depends only on the average traffic speed and the number of sensors.

Automatic enforcement of axle-load regulations would require WIM systems with very high accuracy 
and reliability. The theory of MS-WIM is extended to the design of such systems. The number of 
sensors, their spacing, and signal analysis methods are discussed.

Much of this chapter is based on work previously published in [95,101] and [438].

8.2 INTRODUCTION

This chapter on Weigh-in-Motion (WIM) is in the Part of the book on Vehicle Dynamics, because 
WIM is essentially a problem of measuring and processing dynamic tyre forces.

The function of most high speed WIM systems is to measure the static axle weights and/or gross 
vehicle weights of heavy vehicles at highway speeds. In order to do this, the sensors must 
accurately measure the wheel forces applied by passing vehicles. Section 8.3 discusses the most 
important performance requirements of WIM sensors, as well as calibration procedures, for 
maximising load estimation accuracy.

A single WIM sensor measures the instantaneous dynamic force generated by each measured axle. 
This force can be significantly different to the static axle load which would be measured on a 
conventional static weighbridge. One of the main reasons for the difference is the dynamic variation 
of the tyre forces due to vibration of the vehicle, as it is excited by road surface roughness: the 
dynamic tyre forces described in Chapter 7. The accuracy of a WIM system with one sensor is 
therefore limited fundamentally by the dynamics of the vehicles being measured. Typical RMS 
errors of single-sensor WIM systems are 12 to 29 % [195].
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T he advent o f low  cost W1M sensors provides the possibility o f using two or more sensors along the 
road in order to com pensate for the effects of dynamic forces in the determination of static axle loads. 
Section  8.4 describes the theory underpinning a procedure for designing multiple-sensor WIM 
arrays, and Section 8.5 describes experimental programme that was performed to validate the theory.

8 3  ERRORS AND CALIBRATION

8.3. Î  The Objective o f  WIM

T he aim  o f W eigh-in-M otion  is to m easure the static axle loads (or gross vehicle weights) of heavy 
vehicles travelling at highw ay speeds. The static axle load means the weight of an axle, as measured 
by an accurate  static w eigh-station, with the vehicle stationary and horizontal. Static axle loads are 
used  by en fo rcem en t personnel to  check trucks for overloading, and by highway authorities in 
calculating traffic loading data for highway design and transport statistics.

It is occasionally  said that "it is really dynamic loads that damage roads -  so it is the dynamic loads, 
as m easured  by W IM  sensors, that are really o f  interest". This is not correct. At least two quantities 
are needed to characterise the dynam ic loads generated by an axle: the mean and standard deviation 
o f the probability  distribution. M easuring these quantities for a given axle, with reasonable statistical 
accuracy, requires tens o r even hundreds of sampled values of the dynamic wheel force, taken as the 
vehicle travels a long the road (see Section 27.4). One load sample, taken on a single WIM sensor 
only prov ides a m easure o f  the instantaneous wheel force at that particular location along the road. 
It g ives no useful inform ation  about the statistics o f dynamic load variation, and hence is of no 
benefit in assessing road dam age due to dynamic loads.

8.3.2 Terminology

C onsider a ’conceptual' W IM  system  with m any sensors located along the road, as shown in the top 
o f  figure 8.1. For the purposes o f the following discussion, it is assumed that each sensor measures 
the tyre force on one side o f the vehicle only, ie half o f the total axle load. (This is not a significant 
restriction , but sim plifies the term inology.) As a vehicle travels over the array of sensors, at steady 
speed, it bounces due to excitation by road roughness. One of its tyres, say on the steering axle, 
generates total tyre force p(t), (shown as the solid line on the graph in bottom of figure 8.1) which is 
the sum  o f  the static tyre force Po, and the dynamic tyre force P(t).

The total force p(t) is therefore given by:

p(t) = P0 + P(t). (8.1)

I f  the W IM  sensors are perfectly  accurate, as shown for the sensors in the left half of the lower 
figure, then the output Si o f  sensor T (in units o f force) equals the instantaneous total tyre force 
applied to the sensor:

Si =  p(ti), (8.2)

where tj is the time at which the axle passed over sensor i.

Suppose, that the sensors are not perfectly accurate (no real WIM sensor is), as per sensor 'j* in 
figure 8.1. If  the sensor generates a dynamic sensor error ej, and the sensor output is Sj, then:

Sj =  p(tj) + ej = Po + P(tj) + ej. (8.3)

T hus if  Sj is to be considered as an estim ate o f  Po, there are two sources o f error: the dynamic 
tyre force P(tj) and the sensor errors ej.
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Now the expected (mean) value of Sj, which is denoted as E[Sj], is given by

E[Sj] = E[P0] + E[P(tj)] + E[ej]
= P0 + mPj + nicj,

where mpj and m^ are the mean values of P(tj) and ej respectively.

So Sj is an unbiased estimate of Po, with
E(Sj] = Pq, if both mpj = 0 and mej = 0.

Fig. 8.1

The dynamic tyre force measured at sensor j, P(tj), has zero mean value, (mpj = 0) if:

(i) The mean value of the tyre force is equal to the static value, when averaged over a 
sufficiently long period of time, ie E[p(t)] = Pq, or E[P(t)] = 0. This requires that there is no 
'static1 load transfer on the vehicle - due to traction/braking forces, or inclination of the road 
surface from horizontal, or due to poor load equalisation in an axle-group suspension (see 
Section 17.3.3).

(ii) There is no 'spatial repeatability’ (see Section 7.4.11). The effect of spatial repeatability is 
shown schematically in figure 8.2 (see also figure 7.12). Successive runs of similar 
vehicles, at similar speeds, generate similar 'patterns’ of wheel forces along the road. This 
means that the tyre forces applied to a particular location along the road by many runs of a 
particular axle (eg a calibration axle) generally have an average value which is not the same as 
the time average of the force generated by that axle, ie

Efp(t;)l (for many runs ф E[p(t)l Ifor one axle 
i J J iof one axle at 'over all time

sensorj

Since spatial repeatability is inevitable (see Section 7.4.11 and Chapter 18 ), the output of a 
single WIM sensor is always a biased estimate of the static axle load.
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T he dynam ic sensor error has zero mean value (m ^ = 0) if

(Ï) The sensor errors are 'random ' due to  (say) electrical noise and are not correlated with the 
dynam ic tyre forces. (The dynam ic tyre forces are themselves biased due to spatial 
repeatability.)

(iii) T he errors do not have system atic com ponents caused by (say) inaccurate calibration, or 
sensitivity to vehicle speed or temperature.

T he sources o f sensor errors a re  discussed in Section 8.3.5.

Tyre
Force

Fig. 8.2 Sketch o f spatially repeatable' dynamic tyre forces, on successive nms of similar axles over a single WIM

8.3.3 Two Approaches to WIM

There are two different approaches to WIM:

(i) T he m ost com m on approach in practice is to use one sensor measurement (or 'sample'), 
(eg Sj), as an estim ate o f Po- This is clearly not very accurate, because of the two types of 
e rrors described above. Often, practitioners attempt to minimise the dynamic tyre force 
com ponent P(tj), by making the road as smooth as possible for some distance in the lead-up 
to the W IM  system, (eg [258]).

(ii) T he M ultiple-Sensor approach (M S-W IM ) uses the outputs o f several sensors, located at 
carefully  chosen positions along the road, to estimate the static load level. For example, a 
M S-W IM  system might use a simple averaging algorithm of the form:

p = -l;s ,, (8.6)
П H

w here P is an estim ate o f  Po, and n is the number o f  sensors in the array. It could 
alternatively use a m ore sophisticated statistical analysis procedure. MS-WIM is the subject 
o f  Sections 8.3 and 8.4 o f  this chapter.

8.3.4 Calibration 

M u ltip le -S e n s o r  W IM  S y stem s

In  the case o f M S-W IM , calibration o f the sensors has the straightforward objective o f minimising 
the dynam ic sensor error ej, so that each sensor measures the applied total tyre force p(tj) as 
accurately, and with as little bias, as possible. The MS-WIM algorithm (eg equation 8.6) then 
p rocesses the individual total tyre force sam ples to calculate an estimate o f the static load, ie
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compensate for the dynamic component of the tyre force, P(t). This approach has the added benefit 
that any random components in the errors esj are normally reduced by the MS-WIM algorithm.

Field calibration of WIM sensors can be achieved in three different ways. In each case, the objective 
is to obtain an unbiased calibration factor (ie = 0) and to minimise the effects of dynamic tyre 
forces:

(i) If the sensors are capable of measuring the static loads of a stationary vehicle, (eg bending 
plate-type sensors which operate down to zero frequency) and their accuracy is not influenced 
by speed, then the simplest approach is a conventional static calibration - using known static 
loads applied by stationary weights.

(ii) If the sensors can measure slowly moving but not stationary loads, and their output is not 
dependent on the vehicle speed, (for example, the capacitance strip sensors described in 
Section 7.3.2), then a slowly moving vehicle with known static axle loads can be used. The 
calibration factor should be chosen so as to minimise the (mean square) error between the 
sensor output Sj and the known static axle load P(j. (See [102, 375]). In this case, it is 
important to ensure that the tyre force contains the smallest possible dynamic component 
(P(tj) « 0). This can be achieved by using a vehicle with soft, well damped suspensions (eg 
air suspensions), and by using a dynamically 'quiet' axle for calibration - such as the steering 
axle of an articulated vehicle.

(iii) If calibration is to be done at highway speed, then it is possible to use an instrumented 
vehicle. The procedure requires development of an instrumentation system on the vehicle 
which is capable of accurately measuring dynamic tyre forces (see Section 7.3.1). It also 
requires a system by which the vehicle's instrumentation can be 'synchronised' with the 
WIM system.1

The instrumented vehicle is driven over the sensor array many times. The calibration factor is 
chosen to minimise the error ej between the WIM sensor outputs Sj and the measured tyre 
forces p(tj), at the instant tj that the instrumented axle passes over the sensor (eg see 1102, 
374]).

Single-sensor WIM

In the case of single-sensor WIM, the objective of calibration is generally to minimise the error 
between the sensor output Sj, and the static loads Po of many different vehicles. This process is 
problematical, because of the single-sensor bias problem, caused by spatial repeatability of dynamic 
tyre forces (see Section 8.3.2). This problem can best be illustrated by example.

Suppose that the sensors themselves are 'perfectly accurate' and unbiased, so that the dynamic 
measurement error ej is zero. Furthermore, suppose that the static load Poi of a particular axle (eg 
the steering axle) of the calibration vehicle, travelling at a specified speed, is used to generate a 
calibration factor. Multiple calibration vehicle passes are normally used, as shown in figure 8.2; and 
on each pass, the dynamic tyre force histories follow a similar spatial pattern.

Assume that the total tyre force generated by the calibration axle is, on average, 10% lower than the 
static value (ie mj = 0.9 Poi), each time the calibration axle crosses the sensor.2 The calibration 
factor of the sensor will therefore be set in error by a factor of 1/0.9 ie 11% high. This factor 
would then bias the WIM measurements of all other axles.

1 This can be achieved by mounting a detector on the vehicle which generates a signal on the vehicle s instrumentation 
system when the instrumented axle crosses the WIM sensor eg [102, 352. 374], Alternatively, a telemetry system 
could be used to transmit the output of the WIM system to the vehicle's data logger in real time (or vice versa).

2 Typical dynamic tyre forces can have standard deviations which are 10% to 30% of the static values (DLCs of 0.1 to 
0.3) - see Section 7.4.2. So an instantaneous deviation of 10% from static is quite small for any suspension system.
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It is possible to sm ear-out this effect, and hence reduce the bias, by using several different axles (or 
the  gross w eights) of several different vehicles, and several different speeds for the calibration. But 
there is no scientific way to elim inate the b ias error. Users of single-sensor WIM systems should 
therefore  avoid using a specific axle o f a particular class of vehicles for calibration, since most 
v eh ic les in the class will generate a sim ilar pattern of wheel forces, and this will cause similar 
calibration errors to those described above (see the discussion of spatial repeatability of a vehicle fleet 
in C hapter 18).

T he  best approach for a single sensor is undoubtedly to generate an unbiased calibration factor 
w hich m inim ises the dynam ic sensor error ej. It is important to recognise that dynamic loads can be 
large, and they m ay w ell generate apparently systematic errors due to spatial repeatability: for 
exam ple  a particular axle on a particular class of vehicles may consistently measure heavy or light. 
M ethods for determ ining unbiased calibration factors for single sensor systems are the same as those 
described in the previous section on calibration of MS-WIM.

8.3.5 Sources o f WIM Error;

T he probability density function (PDF) of the dynamic load error e is shown schematically in figure 
8 3 .  T here  are m any sources o f dynam ic sensor errors: some, like electrical noise, cause increased 
random  error (ie they spread the PDF), w ithout bias (shift in the mean level of the PDF). Others, 
like  tem perature  dependence, cause bias (shift), without additional random components (spread). 
Som e errors are due to the sensors, while others are due to the mounting arrangements. Some of the 
possible sources o f  error are sum m arised briefly in the next two sub-sections.

Fig. 8.3 Schematic diagram o f the effects of various sensor errors on the probability density function pr(e).

S e n s o r  E r r o r s

The m ain sources o f  sensor error are:

(i) Electrical noise: appears as a random  error.

(ii) N on-uniform ity o f  output: Som e sensors have varying sensitivity depending on the 
position o f  the load - for example, they may be less sensitive near the ends. Therefore the 
output depends on the position o f the tyre across the traffic lane. This appears as a random 
error. (Clearly large errors will also result if the tyre partially misses the sensor.)

(iii) Sensitivity to loaded area: I f  the sensitivity depends on the loaded width or the length of 
the contact patch (ie the amount o f  tyre in contact with the sensor), then the measurement will 
depend on tyre/wheel type. For example dual tyres may generate a different sensor output to 
single or wide-single tyres, carrying the same load. This is a systematic bias error.

(iv) N on-linearity: If  the sensor does not produce an output which is linear with the applied 
load, then the calibration factor will vary with load. This is a systematic bias error, which 
can be eliminated by applying a non-linear, load-dependent calibration factor.

0 Dynamic load error e
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(v) Temperature sensitivity: Sensor calibration and offset can vary significantly with 
temperature. This is a systematic bias error, which can be eliminated by applying a 
tcm|>eraturc dependent signal processing procedure.

(vi) Sensitivity to duration and rate of loading: If the sensor has an inadequate frequency 
response (£ 100Hz), or the output is otherwise dependent on the duration of contact, it will 
display a systematic bias error, which is a function of vehicle speed. This can, in principle, 
be eliminated by applying a speed dependent calibration factor. However if the frequency 
response is very poor (< 20Hz), then dynamic tyre force variations will cause additional 
random errors which cannot be corrected.

(vii) Tyre tread pattern: Strip sensors, such as capacitance strips or piezoelectric cables are 
generally significantly narrower than length of a tyre contact patch. They are therefore 
sensitive to any variation in contact pressure along the contact patch (in the direction of 
vehicle motion). This is a particularly important problem for tyres with off-road tread 
patterns (sec Section 8.5.3). The errors can be large and appear to be random.

Errors due to M ounting

Depending on the mounting details, aspects of the sensor mounting can affect the sensitivity, and
cause errors.

(i) Errors caused by mounting adhesive. If the mounting adhesive (or potting compound; 
forms part of the load transmission path between the tyre contact area and the sensor, 
significant errors can occur:

(a) if the stiffness of the adhesive changes with temperature, the sensor output will become 
temperature-dependent (bias);

(b) if the adhesive is nonuniform in thickness or stiffness along the sensor, the sensor can 
become sensitive to the position of the load (random);

(c) if the adhesive has a stiffness which is non-linear with load, a linear sensor can display 
non-linearity (bias).

(d) if the adhesive or potting compound is viscoelastic, so that its response depends on the 
duration of contact, the system may display speed sensitivity (bias).

(ii) Errors caused by flexibility of road/mounting: Significant errors can occur if the road 
structure forms part of the load transmission path between the tyre and the sensor. This is 
particularly important for piezoelectric cable sensors, which can generate an output in 
response to axial stretching or longitudinal strain in the road (in the direction perpendicular to 
vehicle motion):

(a) if the stiffness of the road structure changes with temperature (which can be a very large 
effect in flexible pavements [222]), the sensor output will become temperature-dependent 
(bias);

(b) if the stiffness of the road structure changes with moisture level, the sensor output will 
vary with seasonal rainfall (bias). This can be a significant effect in light 'chip seal' road 
constructions used in Australia and New Zealand [368].

(c) if the road structure is non-uniform in stiffness along the sensor, the system may 
become sensitive to the position of the load (random);

(d) if the road structure has a stiffness which is non-linear with load, a linear sensor will 
display non-linearity (bias);

(e) if the road is asphalt and therefore viscoelastic, its response will depend on the duration 
of contact, and the system will display speed sensitivity (bias).
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(iii) Flushness o f  mounting: It is essential that the top o f the sensor is mounted flush with the 
road surface. If  it is (say) proud of the road surface by even a very small amount, then the 
tyre will have to deflect as it passes over the sensor. This will generate an additional contact 
pressure w hich will be the product o f  the stiffness of the tyre and its deflection (the height 
that the sensor is proud o f the road surface). It will therefore depend on tyre construction and 
inflation pressure, and the deflection, which may vary across the road (eg due to surface 
rutting). These errors may appear to be random although there can also be some bias.

8.4 THEORY OF MULTIPLE-SENSOR WEIGH-IN-MOTION (MS-WIM)

On the assum ption that the sensor errors can be reduced to satisfactory levels during the manufacture, 
installation and calibration o f  the W IM  system , the most effective way to improve the accuracy is to 
e lim inate  errors caused by dynam ic tyre forces, using the multiple-sensor approach. This is the 
subject o f  the rem ainder o f this chapter.

T he outputs o f  a several sensors in a M ultiple-Sensor Weigh-in-Motion (MS-WIM) array might be 
processed in a variety o f different ways to yield an estimate of the static loads. Some possibilities are 
described by G lover [194] w ho perform ed numerical simulations o f the outputs of WIM arrays with 
1, 2, 9, 19 and 81 sensors w ith a variety o f  spacing arrangements, including uniform, linear, 
geom etric  and logarithm ic. G lover achieved good results for a 9-sensor, evenly spaced array, using 
a least squares procedure to correct the simulated forces for the dominant Fourier component.

In th is chap ter, evenly spaced  W IM  arrays are examined. It is assumed that the outputs of the 
individual sensors are sim ply averaged to yield an estimate o f the static loads. The simple averaging 
m ethod  requ ires very few  sensors and little  computation to give comparable accuracy to more 
sophisticated  'curve fitting' m ethods [194, 195].

8.4. J Sinusoidal Input

It is useful to  begin the analysis by calculating the output o f a multiple-sensor WIM array to a 
sinusoidal force p(t) defined by

w here Po is the static tyre force, P  is the dynam ic tyre force amplitude, û) is the angular frequency, 
ф is an arbitrary phase angle and t is time.

T he force is considered to m ove at constant speed V over an array of n sensors which are evenly 
spaced, d istance Л apart as show n in figure 8.4. The sensors are assumed to be noiseless and 
perfectly accurate so that the output o f each sensor is the instantaneous force applied to the sensor by 
p(t). T he output o f  the array is taken to be the arithmetic mean of the individual sensor outputs, and 
is denoted P. A ssum ing t =  0 when p(t) passes over the first sensor, the array output (average) is

p(t) =  Pq + Psin (сл + ф), (8.7)

(8.8)

It is convenient to define the non-dimensional W IM error e by

e = ( P -P 0)/P

and the non-dimensional sensor spacing 8  by

8  = co/V2ttV = A/(V/f),

w here f  =  cyclic frequency corresponding to (0 . Then (8.8) becomes

(8. 10)

(8.9)
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Е(пДф) = £  j  sin(j2ïtô ч- ф). 
j*o (8.11)

Assuming that ф is a random variable with a uniform probability density function gty), defined by

g W - j à t  ' Я<Ф<П (8.12)
[O elsewhere,

the expected mean square error can be found from (8.11) and (8.12) using standard expectation 
equations (see, for example, [355]) as follows :

E[e(n,8), ]=  Je(n ,8,<>)Jg(<|>)d(|>= j  

where E[ ] is the expectation operator.

~X sin(j2 Л  ̂+ Ф)
«Ln j-»

— dф,
2тс

(8.13)

Fig. 8.4 Cross-section of an n-sensor WIM array, traversed by force p(t) at speed V. From [101].

With a little manipulation this can be shown to have the solution

E[e(n,ô)2] = —  + \  Y  (n -  k)cos(2ttk0).
1 J 2n n k.,

The Root Mean Square (RMS) error is then given by

It is useful to define the peak or ’envelope' error e from the RMS error as follows:

e (n ,S )-± V 2eRMS- ±
n

-^ -£ (n -k )c o s (2itk8)
П k«l

(8.14)

(8.15)

Figure 8.5 shows a plot of equation 8.11 for n = 7, with 5 different phase angles 
ф = 2я/5, 4я/5. . . .  2я, plotted as dashed lines. Superimposed on the plot is the envelope егтог г 
as per equation 8.15, plotted as the solid lines. It can be seen that the solid lines surround all of the 
dashed lines, and that e is the largest error that can occur for any given value of Ô. Thus an 
alternative interpretation of e is the error corresponding to the 'worst-case' phase angle ф for an 
array with n sensors and non-dimensional spacing 8.

Figures 8.6 a-d show e(n,8) for n = 2 to 5. Three observations are made:

(i) The error £ is unity for integer values of 8, which correspond to the sample points (sensors) 
being spaced an integer number of dynamic force cycles apart.
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(ii) On each graph in figure 8.6, there are (n-1 ) zeros at values of 8 = 8̂  corresponding to

8k = k/n, k =  1 ,2 , 3 ...(n-l). (8.16)

Thus the range o f 8 betw een the  first and last zeros on each graph increases with n: 
6j =  1/n  to = (n -l)/n . This is the region in which 8 is consistently small.

(iii) T he curves fo r 0  < 8 <  1 repeat for each integer value of 8 and are symmetric about 
8 = 0.5, 1.5, 2.5, etc . This can be verified by plotting equation 8.15 for 8 >1 (see [102]). 
T he repetition is a form  o f aliasing with a Nyquist spacing of 8 = 0.5. There is no apparent 
benefit in using 8 >1 in a W IM array.

Fig. 8.5 Plot o f equation 8.11 for n=7 with 5 different phase angles, ф = 2n/5, 4n/S.......... 2k, (dashed lines) as
well as the envelope error £ from equation 8.15, (solid lines). From [95].

8.4.2 Random Input

For particular values o f  n, V and A, equation 8.15 can be considered to be the transfer function of 
a linear filter w hich yields the worst-case error for dynamic force components of frequency a). 
Using the standard input/output relationship fo r a linear system subject to ergodic random excitation 
[355], the m ean square direct spectral density o f the measurement error See(co) due to the ’two- 
sided' input tyre force spectral density Spp(oo) is given by

Sec(œ) = e(n, (ûM Ik V ) 2 Spp(co), -oo < co < » .  (8.17)

For a linearised vehicle model, Spp(CD) can be found from the road profile input displacement spectral 
m atrix  [Su( cd)] and a vehicle transfer function matrix [H(û))], as described in Section 5.4.2. 
Equation 8.17 can then be integrated with respect to frequency to obtain the worst case RMS array 
error o (n ) for an n-sensor system, traversed by a linearised vehicle model:

a (n )  = fê(". ̂ ] 2[H(cü)J*[Su(û))lH(<o)]Tdo
1/2

(8.18)

w here denotes the complex conjugate and Y  denotes the matrix transpose. [H(cd)] can be 
determ ined easily from the equations o f motion o f a vehicle model {eg Section 5.4.2).
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Equation 8.18 yields the RMS error for one stationary random tyre force passing over an ‘ensemble1 
of n-sensor WIM arrays. It can also be considered to be the expected standard deviation of the static 
load estimation error for many different axles» with similar dynamic characteristics, passing over a 
single WIM site. This assumes that the wheel forces are sampled from an ergodic random process, 
which is reasonable under most circumstances [393]. It also assumes that the surface of the WIM 
array is not abnormally rough.

Fig. 8.6 Plots of the envelope error £ from equation 8.15. (a) n=2, (b) n=3, (c) n=4, (d) n=5. From [101).

8.4.3 Measure o f WIM System Performance

It is useful to define a non-dimensional measure of WIM system performance. The Error 
Coefficient of Variation' (ECOV) p(n), for an n-sensor system is defined by

p(n) = O(n)/Po, (8 19)
where P0 is the static axle load.

A perfect WIM system would have an ECOV of p = 0.

It is easily shown that the ECOV for a single-sensor array, p(l), is equal to the Dynamic Load 
Coefficient (DLC) which is the ratio of the RMS dynamic load to the static load (see 1102] for 
details). For highway conditions of road roughness and speed, DLC's in the range 0.1 - 0.3 are 
typical (ie 10% to 30% RMS single-sensor WIM error), but DLC's up to 0.4 have been measured 
for particularly poorly damped tandem suspensions (Section 7.4.2).

8.4.4 Simulation Model

The simple generic 'quarter-car' vehicle model shown in figure 5.1a was chosen for this study, to 
represent the majority of truck suspensions which generate a large low frequency wheel force
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spectral peak  due to sprung m ass motion. It has a 'sprung mass’ natural frequency of approximately
1 .9 Hz. The equations o f m otion and form ation of the transfer function matrix [H(0)>] and input 
spectral m atrix [SU((D)] are discussed in Chapter 5.

M S -W IM  resu lts are presented  in [102] fo r a walking-beam  model as per figure 5.1b, which 
generates large dynam ic wheel loads due to bogie pitching motion. (See Sections 5.4 and 7.4.3.)

T he road profile displacem ent spectral density Su(k), at wavenumber K, used to generate [Su(co)] 
in the sim ulation study was the two-index function described by equation 3.1, with parameters 
corresponding to a 'good' road surface classification. This profile may be likened to the surface of 
an ’A -road’ in the UK.

8.4.5 Simulation Results

Figure 8.7 show s the wheel force spectral density Spp(co) and the error spectral density See(o) (as 
calculated by equation 8.17) for the vehicle m odel travelling at 100 km/h over a 3-sensor WIM array 
w ith a sensor spacing o f A = 4 m. The sam e data is plotted on both linear and logarithmic scales. 
On the linear graph, the area under the solid line is proportional to the DLC2 and the area under the 
dashed lines is proportional to p(3)2. The logarithm ic graph is provided to show more clearly the 
attenuation o f Spp(a>) caused by e(n, o>A/2nV)2. Because the maximum value of e(n,6) is unity, 
(figure 8.6), S ^ c o )  can never exceed Spp(oo), hence the dashed line can never cross the solid line. 
T h is m eans that for ’perfectly  accurate* sensors, p(n) can never exceed the Dynamic Load 
Coefficient (DLC).

Fig. 8.7 Tyne force spectra) density Spp(cu) and the WIM array error spectra) density Sg^w) for the vehicle model 
travelling at 100 km/h over a WIM array with n=3 and Д = 4 m. From [101].
-------------- eSpp(a>),-------------- Sggfoo).

Perform ance data corresponding to this simulation were: DLC = 0.142, and p = 0.051. Thus in 
this case, the 3-sensor array reduces the error coefficient o f variation from 14.2% to 5.1%, which 
corresponds to a 64.5%  im provem ent in perform ance over a single sensor WIM system. This 
averaging scheme clearly improves the accuracy of static wheel load prediction substantially.



INTRODUCTION TO WEIGH-IN-MOTION 137

Figure 8.8 illustrate the influence of the sensor spacing A on the Error Coefficient of Variation p 
for n = 3 with the vehicle model travelling at speeds of 60 km/h and 100 km/h. It is apparent that 
for each speed, there is a range of spacings for which the WIM error (ECOV) is low, ie the system 
performs relatively accurately.

The shape of the ECOV curves is closely related to the magnitude of the error envelope curve 
|e  (n=3,5)| (shown in figure 8.6b), however because the system is subjected to an approximately 
narrow band random input (centred on the sprung mass naturalfrequency of the vehicle) instead of a 
single sine wave, the ECOV curve is a 'smoothed' version of | e |.

Fig. 8.8 Variation of theoretical WIM Error Coefficient of Variation (ECOV) with sensor spacing A From [101J. 
Points A, B, C etc. were calculated according to the theory for sinusoidal inputs.
--------------- s  60 k m /h ,----------- = 100 km/h.

The properties of the e curves, described earlier can be used to interpret key features of the ECOV 
curves. From equation 8.16, the first two zeros in e(3,8) occur when 8k = 8j = 1/3 and 82 = 2/3. 
These points correspond to approximately to minima in the ECOV curves. Using the definition of 8 
from equation 8.10, with V = 16.7 m/s (60 km/h) and f = оУ2я = 1.9 Hz (the dominant resonant 
frequency in Spp(co)), the minima are expected to occur approximately at A = V / 3f * 2.9m and 
A = 2V / 3f = 5.9m These points are labelled A and B on figure 8.8. The corresponding points for 
V = 27.8 m/s (100 km/h) are labelled А' and B’. Conversely, the worst errors are expected to occur 
when |e(3,8)| = 1. This happens when the dominant (resonant) frequency component in Spp(0)) is 
sampled once every cycle (or once every two cycles), ie for integer values of 8, The points labelled 
C and C  on figure 8.8 correspond to 83= 1. Note that the labelled points on figure 8.8 are all 
slightly to the right of the maxima and minima of the ECOV curves at which they might be expected 
to occur. This is probably because Spp(co) is not symmetric about the main peak, (figure 8.7).

8.4.6 WIM Array Design

It is important that the WIM array is designed to be accurate for the widest possible range of vehicles 
(frequencies) and speeds. For given values of A and f, it is possible to estimate the range of 
vehicle speeds V over which the system will operate in the 'plateau region’ of the ECOV curve, 
where the accuracy is consistently good.

From equation 8.16, the zeros in e(n,8) occur when 8k » k/n, k = 1, 2, 3, ... (n-1). Values of 
k > n are ignored, since these represent large (often impractical) sensor spacings at which the wheel 
forces are sampled at frequencies well below the Nyquist frequency: ie less than 2 sample points per 
cycle. Using eqs. 8.10 and 8.16, and assuming fixed A and f, the zeros occur at speeds Vk where

Vk = ^ ,  (m /s). k = 1,2,3... ( n - 1)

and f is the frequency, in Hz, of the dominant spectral component in Spp(co).

(8.20)
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T h e  'p lateau region' o f  the ECOV curve will be  governed by the first and last zeros in e: k=l and 
k  =  n -1 . T hus the m axim um  and m inim um  speeds for which the WIM system will be reasonably 
accurate (operate in the ’plateau region') are given by

V nux =  V l =  fnA and Vjnin =  V n*i =  fnA /(n-l) (m/s), n > l .  <8.21)

A good design  procedure  w ould be to select A such that the average traffic speed V, in m/s, 
corresponds to  the average o f V rain and V , ^ .  Thus from equation 8.21:

a _ 2 ( n - l ) V
4 — i ? - - (8.22)

T here is considerable variation in the dom inant frequencies f in the dynamic wheel force spectra of 
com m on heavy vehicles. They are usually in the range 1.5 to 4.5 Hz (Section 7.4.3) and a suitable 
average value o f f  is 2.5 Hz. It is possible that a slightly higher average frequency (say f = 3.0 Hz) 
m ay be m ore suitable for countries where lorry suspensions are relatively stiffer, and conversely, a 
low er value m ay be m ore suitable for vehicles containing predominantly air suspensions.

F igure  8.9 is design  chart for m ultiple-sensor W IM  arrays using equation 8.22 with f = 2.5 Hz and 
speeds o f  20, 40, 60, 80, 100 km /h. It yields values o f Ad for arrays with n = 2 to 10 sensors.

Fig. 8.9 Design chart for multiple sensor WIM systems using equation 8.22 with f  = 2.5 Hz. From [101].

8.4.7 Sensitivity to Frequency and Speed

Substituting the design spacing A(j] (from equation 8.22) into equation 8.21 gives

Vmax =  2(n-l)V /n  and V mjJ1 = 2V/n, n > l .  (8.23)

If  n=2, =  V max =  V. Thus a 2-sensor W IM system can only be designed to be accurate at one
speed. I f  n=3, however, Vmjn = |V  and Vmax = fV andjl systein^with sensor spacing jchosen 
according to equation 8.22 will be accurate for speeds o f fV й  V <, JV . For example if V = 80 
km /h, this,_would yteld 53 V <, 107 km/h. Similarly if  n=4, the range of accurate performance is 
given by * V < ; V <  £V.

Figure 8.10 show s the ECOV p for 2-, 3- and 4-sensor WIM systems when traversed by the 
q u arte r-ca r veh ic le  m odel. T he arrays were designed for an average speed of 80 km/h,
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(V = 22.2 m/s) according to equation 8.22 with f = 1.9 Hz. Also shown in figure 8.10 is p(l)
(the DLC) for comparison.

The following observations are made:

(i) The WIM array with only two sensors provides a significant improvement in accuracy, over 
the single-sensor system (DLC), in the vicinity of the design speed of 80 km/h.

(ii) The 2-sensor system loses accuracy quite quickly for speeds away from 80 km/h, whereas 
the 3-sensor system has an accurate 'plateau region' for 50 <, V <, 100 km/h as expected. 
The 4-sensor system is accurate over an even wider speed range.

(iii) In the vicinity of 80 km/h, an increase in the number of sensors yields only a modest increase 
in accuracy.

(iv) For speeds less than about 30 km/h, the ECOV (p) curves fluctuate rapidly due to aliasing.

Fig. 8.10 Influence of speed on the theoretical Error Coefficient of Variation p of 2-, 3- and 4-sensor WIM 
systems, designed for an average traffic speed of 80 km/h. From [101].
----------------n=l (DLC), ------------ n=2, ............. n=3, ............. n=4.

From figure 8.10 it appears that 3 sensors is a good choice, because the system is reasonably 
accurate and has a relatively wide operating speed range. The 4-sensor system yields a larger speed 
range with only a small accuracy improvement over the 3-sensor system. The extra cost of the 4th 
sensor may not be worthwhile in practice.

The range of frequencies over which the WIM array will be accurate for a given vehicle speed V can 
be found using eqs. 8.10 and 8.16 and replacing Л by Ad| from equation 8.22:

fmin = nf/2(n-l) and fmax= nf/2, n > 1. (8.24)

Thus if n=2, fmin = fmax = f , that is the system can only be tuned to perform well at_one input 
frequency. If n=3, the operating frequency range (for a fixed speed) is approximately ; f  £ f < j f. 
For f = 2.5 Hz this gives 1.9 £ f <, 3.8 Hz. Similarly if n=4, the operating frequency range is 
J f  й f < 2f which, for f = 2.5 Hz, yields 1.7 £ f < 5 Hz. Thus n=3 is a reasonable choice, 
although errors may occur when the frequency and speed take extreme values simultaneously. The 
worst error is likely to occur when V - V ^  and although the other extreme condition
(V«Vmin and f~fmax), may also yield significant errors.
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8.5 VALIDATION OF MS-WIM THEORY

8.5.2 The Experiment 

W h e e l L o a d  M e a su r in g  M a i

The 'load m easuring mat' used in this validation exercise was described in Section 7.3.2. Thirty two 
tiles, containing a total o f %  sensors were used. The tiles were mounted end-to-end along one wheel 
track , to provide an instrum ented test section o f length 38.4 m.

The m at installation utilised 6 Golden River 'Marksman 600' data loggers. Each sensor was attached 
to  a data logger by a 5 m long cable and each data logger processed the outputs of 16 sensors, and 
stored the results. T he data loggers were connected into a network in a 'daisy-chain' configuration 
by R S232 serial data cables. A micro computer was connected to the network and used to upload the 
raw  axle load inform ation from  the data loggers after each vehicle test run.

Test Site and Vehicles

The field  tests w ere perform ed on the Navistar test track in Fort Wayne, Indiana. The oval track has 
2 lanes and is 1.9 km  long. The polyurethane mat tiles were attached to the test track with a sheet of 
double-sided  adhesive tape and 12 masonry anchors per tile, screwed into the asphalt road surface. 
T im ber sheets o f  total length 19.5 m , width 1.2 m and thickness 13 mm were screwed to the test 
track at each end o f the mat installation. This ensured that the test vehicles were nominally horizontal 
when passing  over the m at sensors, and that transient vibration due to the 13 mm step was reduced 
slightly.

T hree  6x4 tractors and three tandem  axle semi-trailers were provided by Navistar for testing on the 
m at. T he vehic les w ere arranged into six different tractor/semi-trailer combinations (denoted SI to 
S6). T w o o f  the  tractors had tandem  '4-spring' suspensions and the third had a 'trailing-arm' 
tandem  air su spension  w ith  hydraulic  dam pers. Two o f the trailers had 4-spring tandem 
suspensions, w hile  the third had a pivoted spring 'single-point' tandem suspension. The vehicle 
com binations w ere selected to be reasonably representative o f  the US truck fleet. Each vehicle was 
w eighed  on  a w hole-veh icle  static weighbridge immediately prior to, or after the testing. The 
w eighing procedure enabled an estim ate of the static load of each axle to be obtained as well as the 
gross w eight o f the vehicle. (See [102] for detailed information about the vehicles and axle loads.)

Each articulated  vehicle combination was driven over the mat at nominal speeds of 8, 16, 32,48,64 
and 80 knVh in both directions. At least six repetitions were performed for each test condition, 
g iv ing  a total o f  460  test runs during four days o f  testing. The surface temperature of the mat was 
m easured prior to each vehicle test.

Sensor Performance

D etailed  inform ation  concerning the perform ance o f the sensors can be found in [102]. The 
im portant results are summarised here.

(i) Calibration: Three m ethods were used to calibrate the sensors and test their uniformity. 
Two utilised purpose-built hydraulic static calibrators [116], and the third used dynamic tyre 
forces m easured in the field [102]. The average coefficient o f variation of the calibration 
factors, m easured at three points along the length of each bare sensor, was found to be 3.2%.

(ii) Sensitivity to Temperature: No system atic dependence o f sensor calibration with 
tem perature was measurable for mat surface temperatures of 15 to 40 °C.

(iii) Sensitivity to Speed: No system atic dependence o f static load errors with vehicle speed 
could be detected and no evidence could be found o f fore-aft weight transfer affecting the 
static  loads for higher speeds. It is concluded, therefore, that the calibration of the 
capacitative strip transducers in the mat was not affected significantly by vehicle speed.
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(iv) Reliability: Approximately 2.5% of all data was lost out of 460 test runs over the 96 
sensors. Almost half of the lost data (1%) was due to a single sensor which failed. The 
remainder was due to false triggers of the data loggers.

(v) Accuracy: The average dynamic sensor error ej for measured dynamic loads (which is the 
fundamental limit on the accuracy of WIM measurements) was found to be less than 
4% RMS. This can be attributed to noise and small calibration errors.

(vi) Drift with Time: Insufficient time was available to detect any long-term drift in calibration. 
Glover and Newton [195] performed similar tests on an installation of WIMstrip sensors 
mounted in slots cut in the TRL test track in England. They did not detect any significant 
drift in sensitivity during the seven month testing period.

8.5.2 Results

The mat data files for the six articulated vehicles were processed to determine the Error Coefficient of 
Variation (ECOV = p) as a function of WIM array design parameters (n and Д), for each axle of each 
vehicle at the six nominal testing speeds (8, 16, 32, 48, 64, 80 km/h). Figure 8.11 shows an 
example of the procedure, in which many 3-sensor WIM arrays (n = 3) with Д = 1.6 m can be 
obtained by averaging the outputs of appropriately spaced groups of sensors. Averages of this type 
were calculated for sensor spacings Д = 0, 0.4, 0.8....12 m, and n = 2 to 6 sensors, ie 155 
different WIM array configurations in all.

Ai Аг Аз
Bi Вг Вз

- I  l - T0.4m

C2

4  Fb ^ L f * .  F c ^ i  Fc ,

Fig. 8.11 Showing the calculation of 3-sensor WIM averages with a spacing of 
Д = 4 x 0.4 = 1.6 m using data from the mat. From (101].

Due to space limitations, only a limited number of experimental results are presented here. The 
remaining results are presented in [102].

Histograms of WIM force averages are provided for vehicle S4 travelling at a speed of 85 km/h in 
figures 8.12a,b,c. Figure 8.12a shows the force distribution for axle 5 on the trailer, calculated by 
considering each transducer to be a separate WIM system (ie by setting Д = 0). Figure 8.12b shows 
the result of analysing the same data as figure 8.12a, but with 3-sensor arrays (n = 3) and Д = 4.0 
m. (This array spacing was determined using equation 8.22 with V set to the testing speed (24 m/s) 
and f = 2.5 Hz.) Similarly, figure 8.12c shows the result of analysing the same data with 6-sensor 
averages (n = 6) and A = 2.4 m. It is apparent from the figures that the spread of the probability 
distribution (which is proportional to the ECOV) is reduced considerably by performing the 3-sensor 
averages. The ECOV p is reduced from 11.5% for the single-sensor system to 5.7% for the 3- 
sensor system and to 4.2% for the 6-sensor system.
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Tire force (kN)

(c) 6 sensors, Д = 2.4 m.

, Vehicle S4, Axle 5, Speed = 85 km/h. From[101J.Fig. 8.12 Hislograms of W1M average force,
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Com parison of Experiment and Theory

A graph of p vs A for the steering axle of vehicle SI at 32 km/h is provided in figure 8.13a. The 
vertical lines on the figure labelled n = 2 to 6 correspond to the design spacing , as calculated from 
equation 8.22 with V = 9 m/s and Ï = 2.5 Hz. Figure 8.13b shows theoretical curves that were 
calculated using equation 8.18 for the 'l/4-саг' vehicle model, travelling at 32 km/h. The vertical 
lines on the figure again show the design spacings, calculated using equation 8.22 with V = 9 m/s 
and f = 2.5 Hz.

(a) Experimental results: Vehicle SI, speed 32 km/h, steering axle.

(b) Theoretical results: quarter-car'model, speed = 32 km/h.

Fig. 8.13 WIM array Error Coefficient of Variation p vs sensor spacing A. From [ 10 1J.
Vertical lines indicate design spacings according to equaüon 13 with V = 9 m/s. f  = 2.5 Hz.

Several comments can be made about figures 8.13a,b: The general shapes and magnitudes o f  the 
experimental and theoretical curves are similar. This appears to verify that die quarter-car model used 
in the theoretical analysis is a reasonable representation o f  die steering axle suspension o f  vehicle Si.
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T he m ain differences between the theoretical and experimental curves are the spacings at which the 
peaks and troughs occur. T his is because the natural frequencies o f  the test vehicle and the 
theoretical m odel are different. The theoretical model had a sprung mass natural frequency of
1.9 Hz. T he natural frequency o f the experimental vehicle can be deduced from figure 8.13a by 
considering the location o f the first peak, which occurs approximately at A = 3.2 m, corresponding 
to  8 =  1. U sing equation 8.10, the natural frequency of the vehicle is given by

f  =  V/Aj (8.25)
w here A i =  sensor spacing corresponding to the first peak in the curve of p vs A. From figure 
8.13a, Д i = 3.2 m, and using V = 9 m/s, equation 8.25 gives f  = 9/3.2 = 2.8 Hz. The second 
peak  in the curves is expected to occur when 5 = 2, ie A = 2V/f = 6.4 m. This also conforms with 
figure 8.13a.

T he spacings given by equation 8.22 and shown by the vertical lines in figures 8.13a,b, would be 
reasonable  choices fo r the array design spacings. The vertical line corresponding to n = 2 falls 
sligh tly  to the right o f  the first trough in the p - A curve in figure 8.13a, because the natural 
frequency o f  the vehicle is 2.8 Hz, which is slightly greater than the design frequency f = 2.5 Hz. 
C onversely  in figure 8 .13b, the vertical line for n = 2 falls to the left o f the first trough, since the 
body-bounce natural frequency o f the vehicle model is 1.9 Hz.

A s exp lained  previously, arrays with 3 or more sensors are more 'robust' to frequency and speed 
variations because they have relatively wide, flat-bottomed 'plateau regions' (troughs). This can be 
seen in both the experim ental and theoretical curves (figures 8.13a,b). As a result, the vertical lines 
for n =  3 to 6 in both graphs lie at spacings which are appropriate choices to minimise the ECOV p, 
despite  the fact that the operating frequencies are different to the design frequency f. It can also be 
seen that a sm all error in spacing of the 2-sensor system due to, say, a different vehicle speed, would 
cause a m ore rapid decrease in accuracy than for the systems with 3 or more sensors.

A  second com parison  betw een experim ent and simulation is provided in figures 8.14a,b. Figure 
8.14a show s a graph o f p vs A for axle 5, on the 4-spring tandem trailer suspension of vehicle S4, 
travelling  at 85 km /h. From  the y-intercept, it can be seen that the DLC is approximately 11.5%, 
w hich corresponds to the ECOV value determined previously from the histogram in figure 8.12a.

(a) Experimental results: Vehicle S4, speed 85 km/h, axle 5 (on trailer).
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Fig. 8.14 W IM anay Error Coefficient of Variation p vs sensor spacing Д. J*rom(l01],
Vertical lines indicate design spacings according to equation 8.22, V = 24 m/s, f = 2.5 Hz.

The sprung mass natural frequency of the experimental vehicle can be estimated from the first peak of 
figure 8.14a (corresponding to 8 = 1) using equation 8.25: f * 23.6 / 6.0 = 3.9 Hz. This is 
significantly higher than the array design frequency f = 2.5 Hz, but is within the expected range of
1.5 to 4.5 Hz discussed earlier. As a consequence, the design spacing for n = 2, at approximately
4.7 m in figure 8.14a, is far away from the optimum at approximately 3.0 m. The RMS error for 
n = 2 at the design spacing is approximately 8.8%.

The design spacing for n = 3 (at approximately 4.2 m) is just within the ‘plateau region' of the p - A 
curve for n = 3. Consequently the RMS error for n = 3 at the design spacing is approximately 5 7%, 
a substantial improvement over 8.8%, for n = 2. This illustrates the significant benefit, in terms of 
operating speed and frequency ranges, which is obtained by using a WIM array with 3 or more 
sensors. It should be noted that [102J contains many similar results to figures 8.13a and 8.14a, with 
3-sensor WIM errors p(3) usually in the range 3 - 7% for Д<ц chosen according to equation 8.22.

Figure 8.14b shows theoretical predictions using the quarter-car model, with a speed of 85 km/h. In 
this figure as in figure 8.13b, the vertical line for n = 2 falls to the left of the trough in the ECOV 
curve for n = 2. This is because the natural frequency (1.9 Hz) is less than f = 2.5 Hz.

Influence o f  Tyre Tread Pattern

The contact pressure distribution under a rolling tyre depends on the tread pattern. Off-road tyres can 
have quite large local contact pressure variations in the vicinity of the individual tread elements. 
When such a tyre rolls over the mat, some of the strip transducers will be loaded by high-pressure 
regions of the tyre contact area and others will be loaded by low-pressure regions. The wheel force 
measurement involves integrating the output of each strip sensor (which is proportional to the local 
contact pressure) throughout the period of contact between tyre and sensor. Thus if some sensors 
experience a high contact pressure, they will register an abnormally high load. Conversely some 
sensors will register an abnormally low load. This problem is dependent on the construction of the 
tyre and the tread pattern. It is expected to occur for any type of narrow strip WIM transducers, not 
just capacitative strips. Thus it can be considered to be a fundamental limit on the accuracy of strip 
sensors. Fortunately the majority of highway vehicles use ’highway' tread tyres and these do not 
display a significant variation of local contact pressure due to the tread elements. Thus for most 
vehicles, tyre tread effects are not likely to cause serious errors with strip WIM sensors.
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A graphic exam ple o f  the tyre tread effect can be seen in figure 8.15 for axle 3 of vehicle S4 which 
w as the only test suspension to have off-road tyres. Because of the air suspension, this vehicle is 
expected  to produce relatively sm all dynam ic loads [337, 443). Figure 8.15, however, shows a 
large Error C oefficient o f Variation p ( l )  o f  approximately 16% at A = 0, for a speed of 11 km/h. 
This was one o f the largest ECOVs m easured in all of the tests! It is interesting to note that the p(l) 
value for axle 3 o f vehicle S4 w as found to  remain approximately constant with speed, indicating 
that it w as not influenced by the dynam ics o f  the vehicle. For every other suspension, there was a 
significant increase in p ( l )  with speed.

0  2  4  6 8  10 12

Sensor spacing (m)

Fig. 8.15 M easured WIM array Error Coefficient of Variation p vs sensor spacing A. From [101]. 
Vehicle S4, Axle 3 (off-road tyres), Speed = 11 km/h.

T he first peak in figure 8.15 occurs at Aj =  2.0 m. If this peak was caused by dynamic loads, it 
w ould shift with speed. For exam ple, if the speed increased from 11 km/h to 85 km/h, A] would be 
expected to increase to Ai =  2.0 x 85 /  11 = 15.5 m. This was not found to occur in the experimental 
result (see (102J). In fact the position o f the first peak was found to stay relatively constant for 
speeds up to 51 km /h and then decrease slightly with higher speeds, to Aj = 1.8 m at 85 km/h.

The explanation o f this behaviour is related to the tyre tread pattern and is described in detail in [102]. 
It transpires that 5 sensor spaces (2 m) corresponds to a prime number of tyre tread elements and 
hence the m axim um  contact pressure can only coincide with the location of every 5th sensor. This is 
an exam ple o f  under-sam pling or aliasing. The sensor агтау cannot distinguish between tyre contact 
pressure variation with wavelength equal to the tyre tread interval, and a force component with 
w avelength 2.0 m. This result is dependent only on the tread pattern and so the aliased wavelength 
o f  2.0 m is largely independent o f  speed. Note that for high vehicle speeds the driving torque and 
hence longitudinal 'creep' or 'slip ' o f  the driven wheels becomes significant. This causes an 
effective reduction in the wavelength of the contact pressure distribution along the mat and a decrease 
in the aliased wavelength from 2.0 m to 1.8 m.
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8.6 HIGH-ACCURACY MS-WIM SYSTEMS

The 'Holy Grail’ of WIM is development of systems with sufficiently high accuracy that they could 
be used for legal enforcement of static axle loads. Such systems would require significantly greater 
accuracy than the arrays discussed in Sections 8.4 and 8.5. They would also need to be more 
reliable -  able to measure the weight of every commercial vehicle axle with similar accuracy: 
irrespective suspension type, vehicle speed, or other operating conditions. Such systems offer the 
tantalising prospect of entirely automatic operation, and hence greatly reduced costs of axle-load 
enforcement. This could justify more expensive capital costs.

The WIM array design formula, equation 8.22, was derived by assuming that the dynamic tyre force 
spectrum is dominated by low frequency components - ie that vehicles behave like the quarter-car 
model (see figures 5.1a and 5.4a). While this is true for the majority of heavy vehicles, a modest 
proportion of vehicles also generate large dynamic tyre forces at higher frequencies, due to wheel 
hop or bogie pitch. Their tyre force spectral densities look something like figure 5.4b, which was 
generated with a walking-beam suspension model (figure 5.1b). For these vehicles, the sensor 
spacing Adj defined by equation 8.22 is too large. Consequently, their static axle loads estimated 
using spacings of Adi W*N have substantial errors. (Examples are provided in [95].)

In this section, an alternative MS-WIM array design procedure is developed for vehicles which 
generate both low frequency and high frequency dynamic tyre forces. The arrays require 
considerably more sensors than the designs considered so far -  typically about 10 sensor lines per 
traffic lane. Theory is also derived for ascertaining the range of vehicle speeds and suspension 
frequencies for which such systems will operate reliably.

8.6.1 Design Spacing

In [438], the 'Maximum Likelihood' method is used to determine the parameters of signal models 
which best fit the WIM data points. Signal models with one or two sine waves are investigated:

p(t) = Po + Pi sin(2Ttf|t + (Jq) + P2 sin(2jtf2t + Ф2). (8.26)

With two sine waves in the signal model, as in equation 8.26, there are seven unknown parameters: 
the mean force Po; two amplitudes Pj and P2; two frequencies fj and f2‘, and two phases Ф1 and 
Ф2. In order to determine unique values for these seven parameters, it is necessary to have at least 
seven WIM sensors. Similarly, if the signal model had just one sine wave, it would be necessary to 
have at least four sensors.

The theoretical minimum error that can be achieved by the Maximum Likelihood method can be 
found by calculating the 'Cramer-Rao Bounds' (CRBs) [438]. These bounds are shown in figure 
8.16, along with the sample mean. The simulated dynamic tyre forces analysed in this example 
consist of a mean level plus a single sine wave, with superimposed random measurement errors 
(sensor noise). The amplitude of the sine wave is 20% of the mean value, and the noise is 4% of the 
mean. There are ten WIM sensors. Several observations can be made:

(i) For most sensor spacings, the WIM errors generated by the CRBs aie less than those due to 
the sample mean. This implies significant scope for improving static load estimation using 
Maximum Likelihood methods.

(ii) The CRBs are less sensitive to sensor spacing than the sample mean - hence the flat bottom to 
the plateau region.

(iii) The range of sensor spacings over which the bounds are accurate is essentially the same as 
for the sample mean. It is determined by the first and last zeros in the envelope function 
(equation 8.15):

1 - n — 1
- < 5 < ----- .
n n

(8 .2 7 )
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Fig. 8 .16  Variation o f the ECOV p with nondimensional spacing 6, for a 10-sensor WIM array subject to a tyre 
force signal consisting of a sine wave with superimposed random sensor noise. From [438]. 
--------------  = C ram er-R ao B o u n d ;--------------- --  Sample Mean.

It is know n [438] that the C R B s for two sufficiently separated tones (sine waves) approach the 
co rresp o n d in g  sing le-tone CRBs. In this case, the suitable spacings can be derived from the 
requ irem en t o f  sam pling both frequency com ponents correctly (ie within the plateau region of the 
E C O V  curve). The range o f  applicable spacings depends exclusively on the extreme values of the 
ratio  V/f.

Inserting Ô =  A f /  V in equation 8.27 gives suitable lower and upper values of A, which depend 
on the low  frequency f i  and high frequency f2 tyre force components respectively.

A >

and (8.28)

A <
n - 1  V 

n f2
= A2.

F igure  8.17 show s typical CRBs as a function o f spacing for two separate sine wave components of
2.5 Hz and 10 Hz. The shaded area highlights the range of spacings that could be used to sample 
both sine waves correctly. A good array design strategy would be to set the design spacing Adj to 
be  the average o f  Aj and Д2.

Ad2 (8.29)

T he estim ation algorithm  will fail if  there is no overlap between the 'plateau' regions for the two 
frequency com ponents. Therefore it must always be that Д2 k  Aj. By setting A\ = Д2, equation 
8.28 can be used to determine an expression for the minimum possible number of sensors:

n S ^ + l . ( 8 .3 0 )
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It is clear that the ratio of f2/fi is very important. A system designed for low fjjf\ will need less 
sensors than a system designed for higher ratios. In practice, this ratio will be set by the types of 
vehicles using the road. In particular, their suspensions and tyre types and the masses of their axles 
and bodies.

Fig. 8.17 Variation of the ECOV, (calculated from the Cramer-Rao Bounds), with sensor spacing, for a 10-sensor
array, with 4% sensor noise. The two input frequencies are f( = 2.5 Hz and f2 = 10 Hz, with dynamic 
force amplitudes of 20% of the mean value. From [438],
-------------- high frequency f*  ................... ... low frequency fj; shaded area = operating region.

Fig. 8.18 WIM errors for the walking model at 20m/s, using a 10-sensor array with noise-free sensors.
---------------  = Sample m ean ,........................ Maximum Likelihood method. From 1438J.
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A sim ulation was perform ed using a walking-beam  model similar to that shown in figure 5.1b, for a 
'very good’ random  road, as specified by equation 3.1. The ECOV was calculated from 500 Monte 
C arlo sim ulation runs using two estim ation algorithms - the Sample Mean and Maximum Likelihood 
m ethod. F igure 8.18 show s the ECOV plotted as a function of sensor spacing for noise-free 
sensors. The design spacing Д ^  =  1.3m , calculated from equation 8.29 is a good choice. The 
M axim um  Likelihood m ethod gives a sm ooth plateau region for a wide range of spacings. It gives 
m odestly  im proved accuracy over the Sam ple Mean. (Note that it was found in [438] that the 
accuracy benefits of the M aximum  Likelihood method become less as the sensor noise increases.)

8.6.2 Success Rate o f  the Weight Estimation Algorithm

R eliab le  operation  o f M S -W IM  system s depends on choosing the number and spacing of sensors 
w hich give low errors for both frequency components in the tyre force spectrum. These frequencies 
vary random ly am ong vehicles, as do operating speeds. Reliable sensor array design therefore 
depends on being able to ensure a high probability of operating in the shaded region of figure 8.17. 
T h is ’probability  o f success' P ro b s(n ,A ), is given by:

w here Д =  Д ^ , is the spacing given by equation 8.29 and л  denotes the logical 'and' function. 
A lternatively , th is probability  can be expressed as the complement of the probability of failure 
P ro b f  (n , Д ), ie the probability that a measurement lies outside the operating region of the algorithm:

w here v  denotes the logical 'or'.

To determ ine the probability o f  failure in equation 8.33 it is necessary to assume that the velocity and 
suspension frequency are independent Gaussian variables, and to calculate the probability that the 
ratio V /f is less than a given threshold value Л.

Let the corresponding probability density functions (PDF) be

(8.31)

P ro b s(n, Д) =  1 -  Probf(n,A ).

Assuming the worst-case scenario, with independent frequency distributions,

(8.32)

(8.33)

(8.34)

and

1 (V -V V

p r(V ) ‘ ^ T eXP ”  2oy
(8.35)

Since the PDFs are independent, the joint probability density function will be

(8.36)
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This is shown in figure 8.19, where the two PDFs pr(fj,V) and pr(f2,V) arc displayed on the 
same contour map. The parameters are f| = 2.5Hz, f2 = 10Hz, o f = 0.4Hz, a f = 1Hz. and 
V = 20m / s, o v = 2 m /s . '

The probability that V/f < Л can be found by integrating the appropriate volume under the PDF 
pr(f IV < Af). The domain of integration is effectively a 'wedge' defined by the frequency axis and 
the line V = Af. The overall calculation of failure involves performing two such (independent) 
integrations, which are illustrated by the two shaded wedges in the figure.

The volume under the lower wedge Qj(A) is given by: 

Ql(A) = JJpr(f.V )dfdV

Af

=M 1
2 ltO fO y

exp
( { - ( f  (v-v)21

20f 2ay
dV

(8.37)

A similar expression can be found for the volume under the upper wedge, Q2(A). These integrals 
can be simplified significantly (using Error Functions), but they do not have completely analytical 
solutions (see details in [438]). It is therefore necessary to perform small parts of the calculations 
numerically.

The probability of success is then given by

Probs(n,A) = l - Q 2(nA) + Q^ — (8. 38)

Fig. 8.19 Calculation of the probability of failure. From [438].

Figure 8.20 shows the success rate Probs(n,Adj) as a function of the number of sensors n for 
different spreads of the velocity distribution Oy For each case, the spacing was set to Ad, as 
calculated from equation 8.29. It can be seen that the success rate approaches zero for arrays with 
less than five sensors, since, from equation 8.30, n > f2/f| + 1=5. (Numerical errors prevent the 
curves from reaching the exact limit.)
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It is apparent that the spread o f velocities has a significant effect on the number o f sensors for a 
specified success rate. This corresponds to the increasing size o f 'plateau region' with number of 
sensors (eg figure 8.14). By performing simulations with various values of the mean velocity V, it 
was found that the success rate graphs are almost identical for a broad range of speeds [438].

Fig. 8.20 The success rate Рг оьД п, j  vs the number of sensors, for various values of 0 \ ,  using the same
parameters as in figure 8.19. From [438].

8.6.3 Design Procedure

M aking use o f  the results in the previous two sections, a new design procedure for high reliability 
M S-W IM  system s can be defined.

1. Specify the minimum acceptable probability of successful weighing.

2 . D efine prior information:
• Distribution o f vehicle speeds V and G y

• Distribution o f low dynamic loading frequencies fj and G^

• Distribution of high dynamic loading frequencies ?2 and a f j .

Note that reasonable values o f fj and F2 can be obtained from the literature (Section 7.4.3).

3. Plot the graph of P ro b s ^n, j  vs number o f sensors, (equation 8.38 and figure 8.20).

4 . Determine the number o f sensors required to achieve the desired success rate from the graph.

5. Calculate the design spacing using equation 8.29.
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8.7 CONCLUSIONS

(i) Various sources of random and systematic errors in WIM arrays have been identified and 
characterised. The output of a single-sensor WIM system is always a biased estimate of the 
static load.

(ii) A simple equation defining a good design spacing for the sensors in a multiple-sensor WIM 
system was derived from theoretical considerations and verified by experiments with a load 
measuring mat.

(iii) Arrays with 3 or more evenly-spaced sensors will be more robust to speed and frequency 
variations than 2-sensor systems.

(iv) A good design choice for low-cost MS-WIM systems is to use 3-sensor arrays. These are 
likely to give RMS errors of 1/3 to 1/2 of the errors for single-sensor systems. With this 
arrangement it should be possible to measure routinely the static axle loads of vehicles 
travelling at highway speeds with RMS errors of approximately 5-8% (compared with 12 to 
29% for existing systems).

(v) The calibration of the capacitative strip sensors in the load measuring mat was found to be 
independent of: (a) vehicle speed in the range 8-80 km/h, (b) mat surface temperature in the 
range 15-40 °C, (c) long term drift. The average sensor baseline error due to noise was 
found to be less than 4% RMS.

(vi) The strip sensors were found to be inaccurate for tyres with an off-road tread pattern. This 
effect is a fundamental limitation of strip WIM sensor technology and is expected for any tyre 
of strip transducer. (vii)

(vii) High reliability WIM arrays can be designed using a new theory which accounts for both 
high and low frequency dynamic tyre force components. The number of sensors can be 
chosen to ensure any desired level of 'success' by the weight estimation algorithm. The 
higher the specified success rate, the more sensors are required. Typical arrays might have 
10 or more equally-spaced sensors. They are expected to achieve measurement errors of 
around 2-3%  RMS for vehicles which generate large amplitude, high frequency wheel 
forces.
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9.1 SUMMARY

Some of the literature concerning the response of road and bridge surfaces to moving dynamic loads 
is reviewed. The principal characteristics of the response of road surfaces to vehicle loads are 
discussed, and mathematical models of static and dynamic road and bridge responses are reviewed.

9.2 PRINCIPAL FEATURES OF ROAD SURFACE RESPONSE

Since the A ASHO road test [8] the fourth power law has been used widely by highway engineers to 
predict the expected life of pavements, for the optimisation of pavement designs, for comparing the 
amount of damage caused by different vehicles, and for establishing legislative and taxation systems.

A consequence of a high power in the damage law is that road damage calculations are very sensitive 
to the magnitude of the primary response of the pavement (stresses, strains and displacements). 
Therefore, in order to understand the importance of dynamic tyre forces on pavement damage and to 
assess the 'road-friendliness' of vehicles, it is necessary to predict accurately the primary responses 
of roads caused by fluctuating, moving axle toads. These responses are known to depend on the 
speed of the vehicle as well as the magnitude and frequency content of the loads, because of the rate- 
dependent properties of asphalts and soils, and inertia effects in the road structure.

This section reviews important features of the response of road surfaces to vehicle loads.

9.2. J Linearity

Although granular pavement materials are essentially nonlinear [72,78,458], deflections in flexible 
and rigid pavements are usually sufficiently small under vehicle loading for the assumption of static 
linearity to be valid [8, 109, 166, 447]. Hardy and Cebon [220] showed that an instrumented 
pavement section used in their experiments was linear over a wide frequency range for impulsive 
loading. (See next chapter).

9.2.2 Dynamic Coupling

The responses of road surfaces and the dynamics of vehicles are essentially uncoupled. This is 
because: (i) the displacement of road surfaces is considerably smaller than the deflections of truck 
tyres and suspensions, and (ii) the speed of propagation of elastic waves in road surfaces is in the 
range 100-600 m/s (225-1350 mph) [266, 345], which is significantly greater than vehicle speeds. 
As a result of the weak coupling between the two systems it is reasonable to assume that the road 
surface is rigid when simulating the response of a vehicte to road roughness, and to treat the vehicle 
as a set of moving dynamic loads when calculating the response of the road surface.
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9.2.5 Effect o f Speed and Frequency

R oad m aterials and structural responses are sensitive to vehicle speed [6, 8, 46 ,109 ,220 ,226] and 
to  the frequency content o f the applied loads [220, 344, 358,433]. Figure 9.1, which is reproduced 
from  H an  [226], shows the effect of speed on pavement deflection, as measured in the AASHO road 
test [8]. As the speed increases, the peak strain under a constant moving load diminishes in 
am plitude and occurs behind the point o f  application of the load (see also [180, 220,490]). This 
'speed effect' is im portant w hen considering  the road damage caused by dynamic tyre forces, 
because fatigue dam age incurred by road materials is very sensitive to strain amplitude which in turn 
changes with speed. (This is discussed in Chapter 17.)

Fig. 9.1 The effect of vehicle speed on peak road surface deflection in the AASHO road test From [226].

A ccording to lim ited data presented by Gôrge [200] (also Hahn [213]) and by Christison and 
W oodrooffe [110], a linear correlation has been observed between dynamic wheel loads and peak 
dynam ic pavem ent response (norm alised to account for the effects of speed). One such result, 
reproduced from [110] is shown in Figure 9.2. Although there is clearly some correlation between 
the dynamic load (impact factor) and the normalised pavement deflection, there is also considerable 
scatter on the measurements. Christison's conclusion of a linear relationship is misleading, because 
the apparent scatter is m ostly caused by the frequency dependence of the pavement response, in 
addition to random experimental errors. This issue is discussed in detail in the next chapter.

Fig. 9.2 Relationship between measured dynamic wheel load (impact factor) and measured flexible pavement 
deflection, normalised to account for the effect of speed, for a range of vehicle speeds. From [ J 10J.
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9.2.4 Variability

Pavements are essentially variable in nature with properties that change significantly due to layer 
thickness and material property fluctuations [19,262,294]. An example of this variability is given 
in [19] which provides extensive data on the variation in properties of a special purpose lest track: 
layer thicknesses -  typically ± 20%; moduli -  typically ± 30%; and deflection under a standard load 
-  typically ± 25%. In a study performed by the TRRL in the UK [179], a radar technique was used 
to measure the thickness of a number of in-service motorways at 1 m intervals. The measured 
coefficients of variation of the asphalt layer thicknesses were found to range from 3.7% to 6.7% (ie 
± 11% to ± 20%, for 3 standard deviations) for asphalt layers with mean thicknesses of 
240 to 430 mm. In a similar study in the USA, Maser et al [325] reported that one asphalt 
pavement of nominal thickness 200 mm varied from 178 to 241 mm, ie -12% to +15%. 
McLellan and Still [331], noted that thickness variations in five measured test sections were generally 
within the specification of the construction contract and that the variation in thickness of Portland 
Cement Concrete road surfaces was generally greater than for asphalt pavements.

9.2.5 Isotropy

The structural isotropy of a road is dependent on the local variation of its construction and materials. 
However, despite the variability described above, measurements by Hardy and Cebon [220] 
indicated that the dynamic primary response of an experimental test pavement was reasonably 
isotropic over short distances, up to 2 m. (See also next chapter.)

9.2.6 Effect o f the Environment on Properties

Road construction materials, and road surface responses, are extremely sensitive to environmental 
factors, particularly moisture [8, 26, 72, 259, 306, 368], temperature [8, 19, 109, 166, 220, 259, 
306], and freezing [8, 248, 259]. For example, Hardy and Cebon [222] found that the response of 
an instrumented test pavement was very sensitive to temperature, with approximately a factor of four 
variation in soil strain response for a surface temperature range of 13 to 42 *C (55 to 108 *F). 
Jackson [20] quoted similar stiffness variation with temperature.

9.3 MODELLING PAVEMENT RESPONSE

9.3.1 Static Road Response Models

Civil engineers have traditionally considered the structures of road surfaces to behave as continua, 
and have used the methods of continuum mechanics. The first such analysis was performed in 1926 
by Westergaard who modelled a rigid pavement as an elastic plate supported by a Winkler foundation 
[489]. In the 1940's the theory of elastic layered systems was published by Burmister [82]. This 
theory enabled the analysis of pavement systems with 2 or 3 layers of infinite extent and accounted 
for the effects of the interface conditions between layers.

There has been a proliferation of computerised pavement analysis systems which use elastic layer 
theory for flexible pavement design and life prediction (see, for example, [66,78, 344,455,473]). 
Tyre loading is usually modelled as a circular area with uniform contact pressure. The finite element 
method has also been used extensively (eg [1, 352, 384, 389, 458]) and is particularly useful for 
analysis of jointed rigid pavements which can be prone to thermal warping (curling) as w ell as being 
subject to vehicle loads [1, 45, 344]. Almost all of the models assume linear material properties. 
Some models include viscoelastic effects, (see, for example [46,257,294,458,490]). Many of the 
elastic layer calculations incorporate the effects of speed on flexible pavement response, by 
increasing the equivalent layer moduli with increasing vehicle speed (see for example, [294, 367, 
454]), or with increasing frequency [344].



160 V E H IC L E  -  R O A D  IN T ER A C T IO N

A review  of com puter packages for calculating static pavement response and predicting distress 
(dam age) was presented by Rauhut, Roberts and Kennedy in 1979 [384]. See also [16, 367,454] 
for further information on this subject.

9,3.2 Dynamic Road Response Models

The importance o f road dynamics in calculating the stresses and strains induced by a moving vehicle 
has also been investigated (see [219] for a review). Methods for predicting the response of 
continuous pavements (flexible or un-jointed rigid) have, however, been limited by the complexity 
o f a full analytical solution.

The most comm on approaches have been to use either an analogous mechanistic model with discrete 
m asses, viscous dampers and springs [6, 226,280] or to modify a layered elastic response model by 
introducing m aterial properties that depend on vehicle speed [277, 344, 469] or the effective 
frequency o f dynam ic loads [344]. Such methods are, at best, a qualitative representation of 
dynamic response and few can accommodate dynamic loads.

There have been efforts to develop realistic dynamic road response models. In order to simulate the 
effects o f  m oving vehicles, some authors have considered linear systems subjected to a constant 
m oving force. Exam ples o f such m odels are a beam [185, 359] or plate [185] supported by a 
(dam ped) W inkler foundation [280] or half-space [185]. [46], simulated a pavement consisting of 
two viscoelastic layers with a sinusoidally varying surface load.

T he calculations vary in complexity according to the nature o f the layers (elastic, damped elastic, 
viscoelastic) and the surface loading (moving, constant, sinusoidal). Few layered models include the 
effects o f  tim e varying m oving loads and damping or viscoelasticity, because no closed-form 
solutions exist [416]. Kausel et al [273] overcame this problem by deriving the Green's functions1 
o f a dam ped, elastic, layered structure built on a rigid base, assuming linear displacement variation 
through the thickness o f  each layer.

T o  calcu la te  the response o f a pavem ent using Kausel's formulation and ensure numerical 
convergence, it is necessary to model the structure with many thin layers. This method was used by 
Sebaaly and Mamlouk [416] to calculate the harmonic response of a road surface to a circular applied 
load o f radius a. They then determined the response to a pulse o f duration 2a/V, (V is the speed), 
using Fourier transform  techniques. Peak theoretical vertical pavement deflections were compared 
with 'speed effect' data from the AA SHO road test [8] (similar to that presented in figure 9.1). 
Correlations were found to be good and the reduction of pavement deflection with speed was shown 
clearly by their results.2

This m ethod only approxim ates the physics o f dynamic vehicle/road interaction, however, because 
each axle influences the road surface near a particular point for considerably longer than the time 
taken to travel one tyre contact length, and the vehicle speed has an additional 'Doppler shift' effect 
on the effective frequency o f the applied loads [219]. Sebaaly and Mamlouk [416] really simulated 
the response o f the road to a 'hammer blow' rather than a moving wheel.

Govind and W alton [202] used the theory derived by Kausel et al [273] to calculated the response of 
a road surface to a set o f constant moving loads, using a Fourier transform technique. They did not 
present any experim ental validation o f their approach, or justification of their choice of model 
param eters. L ike other dynamic calculations, it appears that Govind and Walton's calculation 
procedure is expensive in terms o f storage requirements and calculation time: "Because o f the

1 Green's functions are displacements due to a unit load.

2 In 1962, Harr [226] presented an idealised model of the dynamic response of a pavement consisting of a heavily 
damped single degree-of-freedom oscillator (mass, spring, damper) subjected to a rectangular pulse of duration 6/V secs 
(ie he assumed a 6m long load). By suitable selection of model parameters, he was also able to achieve close 
correlation with the same AASHO road test results.
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program's targe memory requirements, it can be executed on only mainframe computers with 
one or more Gigabytes o f memory. The typical execution time on the CRAY-XMP is about 
1,000 sec fo r a 5-axle vehicle driven over 100ft with 40 discrete frequencies sampled every 0.1 
sec " [202],

No papers were found in the literature which analysed the dynamic response of a realistic layered 
road model to moving steady or random forces. However, there are two solutions for the dynamic 
response of a continuous system to moving random loads:

(i) Fryba calculated the covariance of the response of a beam on a Winkler foundation which had 
statistically varying stiffness to a statistically stationary 'ergodic force moving along it at 
constant velocity [185]. He did not extend the model to two or three dimensional systems.

(ii) Cebon [88, 92] calculated the dynamic response of linear isotropic road surfaces to moving 
dynamic ('random') loads by numerically convolving the applied dynamic loads with a Held 
of road surface impulse response functions. The method is sufficiently general to predict the 
effects of vehicle speed, frequency of loading and combinations of these factors on pavement 
response, for any number of moving axles. This method is described in Chapter 10.

9.3.3 Experimental Validation 

Static Models

Relatively few of the primary response models have been validated by comparison with field 
measurements. Valkering [474] was able to show reasonable qualitative agreement between 
measured and computed strains in a layered elastic system subjected to vertical and longitudinal static 
surface loads. Ullidtz and Busch [468] achieved partial agreement with measurements of vertical 
stress and strain in a flexible road and attributed the eiTors to spatial variations in the subgrade 
modulus. Battiato et al [46] described a two layer mathematical model of a steel bridge deck 
consisting of a rigid base with a single viscoelastic asphalt surface layer. They achieved good 
agreement between measured and predicted strains for a wheel load moving at 5 km/h. Large 
viscoelastic effects were observed in their results. Barenburg [45] discussed a validation study in 
which the strains determined by a finite element model of a jointed concrete pavement agreed 
moderately well with strains due to static wheel loads and thermal expansion effects.

There are probably other examples of 'primary response' validation of static road response models in 
the highway engineering literature. However, considering the widespread use of such models for 
pavement design and analysis, there appear to be surprisingly few papers which address this subject.

In general, the agreement between experiment and theory has been qualitative and for low speeds 
only. There are two main reasons for this. Firstly, there are significant difficulties in measuring the 
primary response of roads accurately. This is highlighted in an OECD report [19] which shows large 
discrepancies (up to a factor of two) between the outputs of various types of buried strain gauges, for 
'identical' measurement conditions. Secondly, vehicles travelling at highway speeds generate 
substantial dynamic tyre forces even for the smoothest road surfaces. These forces appear as random 
errors in the pavement simulation, unless they are measured and taken into account.

Dynamic M odels

A model validation study for a dynamic model of flexible pavements, by Hardy and Cebon [222], is 
described in Chapter 10. A similar study, for a jointed rigid (PCC) pavement, by Nasim etal [352] 
is described in Chapter 11.



162 V E H IC L E  -  R O A D  INTER A C T IO N

9.4 MODELLING BRIDGES

Over the last 150 years, many researchers have studied bridge dynamics. The first recorded research 
into bridge vibration appears to be a report published in 1849 by Willis [495], which discussed the 
causes o f  the collapse o f the Chester Railway Bridge. Over the next century, investigations into 
bridge dynamics were m ainly concerned with developing analytical solutions for simple cases of 
m oving forces. Digital com puters introduced a new level o f detail in bridge vibration research 
because the complexities of bridge and vehicle systems could be modelled in detail.

9.4.1 Bridge Model Validation Studies

Early studies o f bridge-vehicle system dynamics concentrated on simply-supported bridges traversed 
by sim ple vehicle m odels (see for exam ple, Biggs et al [58]). Investigations arising out of the 
AA SHO road test extended these analyses to 3-span continuous and cantilever bridges with more 
com plicated vehicle m odels [480]. M ore recently, orthotropic plate theory has been applied to the 
dynam ic analysis o f bridges in an attem pt to account for two-dimensional behaviour [291, 357]. 
M ost o f  these studies have used simplistic vehicle models and the equations of motion have been 
solved by numerical integration. Such time domain calculations can be computationally expensive. 
Very few o f the bridge simulations have been verified experimentally.

T he study by Biggs et al [58] contained one o f the first validations of a bridge-vehicle system. The 
m odels were simple. Only simply-supported bridges were considered, and the vehicle models were 
restricted to one degree of freedom. Both laboratory and field experiments were included in the 
validation. They concluded that most o f the errors were caused by improper modelling of the vehicle 
and o f the bridge surface roughness. The validation was successful, but the simplicity of the models 
restricts their applicability to modem vehicles and bridges.

Validations with m ore complicated models were conducted in Australia. Swannell and Miller [441] 
considered a two-axle, four degree of freedom vehicle including non-linear suspension stiffness. 
They used a lumped m ass model for the bridge. Viscous damping was assumed throughout. The 
surface profile o f the bridge was measured, and bridge responses from the passage of a test vehicle 
w ere recorded. The recorded responses were compared with the computer simulations. Reasonable 
agreem ent between theory and experiment was obtained, but significant discrepancies were noted. 
M ulcahy et al [348] used similar models, but were more successful in their validation.

This b rief sum m ary o f vehicle-bridge model validations indicates a need for validated models of 
bridges and vehicles representative of those currently in use. Such a validation study, for a dynamic 
bridge model, is described in Chapter 12. The model is then used in Chapter 22 to investigate the 
influence of leaf spring and air spring suspensions on bridge responses.

9.4.2 Dynamic Interaction Between Vehicles and Bridges

Figure 9.3 is a schematic diagram o f bridge-vehicle interaction. The roughness input to the vehicle 
is the sum o f the initial surface profile o f the bridge and the dynamic deflection of the bridge. This 
input excites vertical vibration o f the vehicle and results in dynamic tyre forces. These forces are in 
turn applied to the bridge and cause larger dynamic displacements of the bridge. This feedback 
mechanism of interaction forces couples the dynamic response of the bridge to that of the vehicle.

The largest bridge vibrations are known to occur when the natural frequencies of the bridge and 
vehicle are close together [60]. It is not clear, however, under what circumstances large bridge 
responses are mainly due to excitation o f  the vehicle by the initial roughness profile, or due to 
excitation substantially by dynamic deflection o f the bridge. The former case can be considered as 
the feedback loop in figure 9.3 being cut at point 'A \ There has been little systematic study about 
when dynamic interaction is important, and when the two systems can be considered to be essentially 
uncoupled (as in the case o f pavement response to vehicle loads).
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Walker and Veletsos [484] considered the response of a simply-supported bridge to a moving 
constant force and to a moving sprung mass. They compared the two responses by computing the 
maximum dynamic increments for each case.

They defined the maximum dynamic increment as:

D l  __ У\ щ __ У &

Ул
(9.1)

where Dl is the maximum dynamic response increment,
yst is the maximum bridge response to the static wheel loads, 

and ymax ls the maximum dynamic response of the bridge.

They related the importance of interaction to the frequency ratio, 7, defined as

Г
(Qv (9.2)

where ûv is the natural frequency of the vehicle and (дь is the first natural frequency of bending of 
the bridge. Bridge-vehicle interaction was deemed unimportant when 7 was less than 0.3 or greater 
than about 1.0 [484]. This criterion seems reasonable, but Walker and Veletsos did not quantify the 
errors incurred by neglecting bridge-vehicle interaction.

Fig 9.3 Schematic block diagram of dynamic bridge-vehicle interaction. From [206]

Chiu, Smith, and Wormley [106] conducted a parametric study similar to that of Walker and 
Veletsos for an elevated guideway traversed by a high-speed vehicle. They found that dynamic 
interaction was unimportant when the ratio of the vehicle mass to the mass of the guideway span was 
below 1/8, or when the frequency ratio 7 was low. Most of their results were calculated for relative 
speeds far in excess of those usual on highway bridges. Their criteria are consistent with those of 
Walker and Veletsos, but do not provide enough detail for low speeds.

Ting and Genin [463] outlined interaction criteria based on the quantity 2eZ where £ is the 
vehicle/bridge mass ratio, and Z is the second time derivative of the vehicle displacement 
normalised by the maximum static deflection of the bridge. They concluded that interaction can be 
ignored if 2eZ  «  1. Although this may be valid, it is based on vehicle 'acceleration' which is 
unknown for highway bridges.

Green and Cebon [206] performed a systematic interaction study. They used the response 
calculation method described in Chapter 12, with a simple, single degree-of-freedom vehicle model. 
A number of non-dimensional parameters of the bridge-vehicle system were varied to assess the 
amount of dynamic interaction between the vehicle and the bridge.
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The parameters included the frequency ratio y  described by equation 9.2, a speed parameter cr, 
defined by

a  = nV
щ С

(9.3)

(L is the length of the span); a mass parameter, Kf the ratio o f the modal mass of the vehicle to that 
o f the bridge:

i r = ^ ,  (9.4)
mL

and the damping ratios of the bridge &  and vehicle f v.

The main results of [206] are that w ithin the normal range of parameters on highway bridges, the 
m ost im portant param eters are speed, frequency, and initial vehicle excitation. Large mass ratios 
result in a significant interaction at high speeds. Bridge and vehicle damping are important when the 
frequency ratio is near unity. Furtherm ore the coupling of the bridge and vehicle systems generally 
tends to reduce the dynamics of the bridge compared to the case when the interaction is ignored.

Green and Cebon [206] concluded that dynamic interaction between the vehicle and bridge can be 
ignored if:

(i) y  <  0.5, or

(ii) a  < 0.1 and k < 0.3 for smooth bridge profiles.

In general, short-span highway bridges do not satisfy these conditions, and it is therefore concluded 
that the interaction effects need to be considered in most simulations of vehicle-bridge systems.
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10.1 SUMMARY

A linear theory of the primary response of continuous pavements to moving dynamic loads is 
presented. The theory is derived from the well-known convolution integral. Its practical 
implementation is explained and validation experiments, involving an instrumented vehicle driving 
over an instrumented test track, are described. The results demonstrate that the theory can be used to 
predict accurately the strains generated in a road as a vehicle drives over, including the effects of 
vehicle speed and dynamic tyre forces.

The influence of vehicle speed and loading frequency are examined. The dynamic calculation 
procedure is then simplified to provide a 'quasi-dynamic' calculation which accounts for vehicle 
speed, but not for the dependence of road response on loading frequency. The simplification 
decreases the necessary computer resources significantly. The validity of the simplification is tested 
by comparing primary road responses and fatigue damage predicted by the two methods, for 
theoretical wheel loads generated by two representative mathematical vehicle models. It is found that 
differences in response are observable, but in practical situations they are likely to be small. It is 
concluded that the simplified 'quasi-dynamic' calculation approach is preferable.

This chapter is based on work previously published in [92,222,223]

10.2 INTRODUCTION

70.2.7 Motivation

Accurate and efficient calculation of primary road responses is the main motivation for the research 
described in this chapter. To study the road-damaging effects of dynamic tyre forces, it is important 
that pavement response models accurately account for the effects of vehicle speed and the frequency 
content of dynamic loads. However, there is no consensus in the literature as to whether 
comprehensive dynamic road response models are needed in order to include the effects of 
frequency, speed and structural dynamics rigorously; or whether approximate calculations, which 
neglect one or more of these factors, can be sufficiently accurate.

70.2.2 Speed and Frequency

The effect of vehicle speed on pavement response has been the focus of several studies, but authors 
have drawn contradictory conclusions: some have concluded that induced stresses increase with 
speed [105, 342, 344,415,421] whilst others have concluded that strains or displacements decrease 
[6, 9, 46, 186, 226, 353, 415, 447,458] or that pavement stiffness increases [367,436].

Theoretical work by Chen et al [105, 432] showed that theoretical stresses in pavements under 
moving loads increased by only 7% (from 0 to 27m/s). They therefore suggested that it was not 
necessary to include speed in pavement response calculations. Conversely, measurements of surface
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deflection during the A AS HO road test [9] were observed to more than halve over this speed range 
and decrease by up to 40% tetween 0 and 18m/s [226]. Nazarian et at. [353] measured u 10% 
reduction in surface deflection between just 1.6 and 3.3m/s.

Cebon performed a theoretical study [93] in which he showed that under some conditions, the 
increase in dynamic loads with speed can increase theoretical road damage significantly. However, 
at high speeds, road damage may decrease somewhat because of the reduction in road response with 
speed. This also indicutes the importance of accounting for vehicle speed correctly in road damage 
calculations.

Sousa el at. 1432] used a road model that included frequency-dependent material properties in order 
to examine the Toad friendliness' of several suspensions. They identified the 'predominant 
frequency1 in the dynamic lyre forces of three difleient suspensions (2Н/, for a torsion bar 
suspension, 4Н/ for a four leaf suspension and КН/. lor a walking beam) and then udded an extra 
5Hz to each identified frequency in order to make some ullowunec for ihc speed of the vehicle. The 
stntie loud was superimposed with an equivalent frequency of 5Hz. (Clearly Ihc dynamic wheel 
loads contain a spectrum of frequencies (see Chapter 7), even if one frequency component does 
appear to dommutc, so this approximate correction can never yield a theoretically correct response.)

There are several reasons for the confusion over this issue:

(i) Theoretical calculations of dynamic road responses can yield different conclusions depending 
on the details of the road model, especially the representation of the frequency dependence of 
material properties, and the response component investigated: stresses, strains or 
displacements.

(ii) Dynamic tyre forces generated by heavy vehicles have relatively complicated frequency 
spectra, which are functions of the vehicle design, the vehicle speed and the roughness of the 
road surface. It is important to use tyre forces with realistic frequency contents, if the correct 
conclusions are to be drawn about the importance of loading frequency on road response.

(iii) Road material damage, particularly fatigue, is very sensitive to stress and strain level. 
Laboratory fatigue lives of asphalt specimens typically decrease with the fourth or fifth power 
of the strain level [183]. Relatively small errors in primary response predictions due to 
dynamics can therefore be amplified into large errors in predicted road service lives.

The only way to include the effects of pavement dynamics, speed and frequency rigorously in road 
response calculations is to use a validated dynamic road response model.

The analysis described and validated in this chapter is an extension of the numerical convolution 
theory [93] and provides a method for calculating the primary responses of continuous pavements to 
moving dynamic surface loads. It is sufficiently general to predict the effects of vehicle speed, 
frequency of loading and combinations of these effects on pavement response. The method lends 
itself to experimental validation, because it accounts for the influence of dynamic loads, and 
implicitly removes the effects of systematic strain measurement errors. The theory is used to 
examine the relative importance of vehicle speed, frequency and of structural dynamics in 
calculations of road response and damage due to dynamic vehicle loads.

The calculation method is equally valid for full depth asphalt ('flexible') pavements, and continuous 
(nonqointed) composite and rigid Portland Cement Concrete (PCC) pavements. Note that 
continuous PCC pavements, are likely to behave in an essentially elastic way, so that the effects of 
speed and frequency on primary pavement responses will be considerably smaller than for the 
flexible pavement investigated here.

It is shown that it is generally not necessary to use dynamic road response models: sufficiently 
accurate predictions of road damage can be made with efficient 'quasi-dynamic' calculations, which 
include the effects of vehicle speed, but do not include the frequency dependence of pavement 
response.
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10.3 THEORETICAL RESPONSE OF A ROAD SURFACE TO MOVING 
DYNAMIC LOADS

JO. 3.1 Response in the Time Domain
The response of a linear system to a time-varying input is given by the convolution integral |XS5j:

yd) b(!'T)fÏT)(Jî (10.1)

where y(t) is the response at time t,
((X) is the input lorcc at time T, and
h(t) is the response at time t to a unit impulse at time t = 0.

If the input is moving with respect to the system so that its position is given by die vector rf(l) at 
time t, and the response is measured at a point with position vector ry (see ligure 10.1), the impulse 
response function becomes dependent on three variables, and is given by h(ry, n , t). Ihe 
convolution integral in equation 10.1 then becomes:

y(ry, t) ( h (ry, гКт), t*t) f(T)dT. ( 10.2)

f(X) dt

Fig. 10.1 Linear system with a moving load.

If the system has Nf inputs: fm, m=l,2,... Nf, with positions rfm, then the total response can be 
calculated by summing the responses to each individual input:

Nf /I
У (r y. t) = X I h (ry. r fm(T), i-t) fm(t)dT. O0.3)

m=i ).«,

This is a general expression for the response of a linear system to a set of moving inputs. A number 
of simplifying assumptions can be made when it is used to calculate the response of a road due to a 
passing vehicle:
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(i) If the road is isotropic, the response is not a function of the output position but only of the 
separation of the input and output. In this case

h (ry, rfm(T), t -1) = h (ry - !•,„,«), t - t). ( io.4)

(ii) If the input is the force applied by the tyre of a vehicle that is moving at constant velocity then

Tfm(t) = Tfm(0) + Vt (10.5)
where rfm(O) is the position of the force at time t = 0 

and V is the velocity vector of the vehicle.

(Ш) If all the inputs act along the same line and the response is also required on that line (ie each 
wheel follows the same path as the one in front of it and the road response is required on this 
wheel-path) then axes may be chosen so that all position vectors are co-linear and parallel 
with the velocity vector. In this case the problem is confined to one space dimension (x say) 
and position vectors may be reduced to ordinates along the x-axis:

У (ry> 0 = У (*. O
h (ry - TftnCx), t - 1) = h (x - (dm + vt), t - 1) (10.6)

where y(x, t) is the response at position x at time t,
dm is the position of tyre m at time zero: dm = rftn(0), 

v is the vehicle speed,
h(x, t) is the response at position x and time t to a unit impulse at the origin at 

time t = 0.

Under these conditions equation 10.3 becomes 

Nf f t

У(х, t) = X  I h (* - (dm + VI), t - 1) fro(x) d t  (Ю.7)
m=l J—

This equation is similar to that derived by [93], where it was used to find the response of a 
continuously supported beam to arbitrary, moving excitation.

103.2 Response in a Moving Frame of Reference

Equation 10.7 gives the response at a position x fixed on the road. It is sometimes more convenient 
to calculate the response at a point moving with the load, for example the response under a tyre.

The position of a point moving with the lorry is defined by x = x - vt. Substituting this into equation
10.7 gives an alternative equation for the response of the road at a point moving with the vehicle:

Nf f t

y ( x , t ) = X  I h (x - dm + v(t - t), t - t) fra(t) dx.
m=l

( 10.8)
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10.3.3 Frequency Domain Solution of the Moving Convolution Integral

The simple convolution integral, equation 10.1, is often solved in the frequency domain using the 
Fourier transform, because the transform of the integral reduces to a simple multiplication (3551. 
The same technique can be used to simplify the moving convolution integral (equation 10.7) but it is 
necessary to take Fourier transforms with respect to both time and space variables as follows:

Y* “4 i f f l y (x, t) e’iû)t e*£* dt dx

where (0 
*
H ( t  CD)
Fm(^)

h(x - (dm + v i), t - t) fm(x)c*i<ot e '^ x d t dt dx

Nf
= 2 « X  H(Ç,®)Fm(ffl+vÇ)e-*4m 

m=l
is the angular frequency of loading, corresponding to the time t, 
is the wave number, corresponding to the distance x, 
is the two-dimensional Fourier transform of h(x, t), 
is the Fourier transform of fm(t).

(Ю.9)

It is apparent that the term vÇ is an effective frequency or 'Doppler shift'. A similar derivation from 
equation 10.8, for the convolution in the moving frame of reference, yields a similar solution in the 
frequency/wave-number domain:

Nf
Щ ,  (0) = 2 * X  H(Ç, a -  vÇ) Fm(m)e-^m (10.10)

m=l
where Y(Ç, co) is the Fourier transform of y(x, t).

If the set of loads and impulse response function are described by analytical expressions, the 
response may be evaluated by direct integration of equation 10.7 or 10.8, or by using (discrete) 
Fourier transforms and evaluating equation 10.9 or 10.10. In order to calculate the Fourier 
transforms in equations 10.9 and 10.10, the wheel loads must be either periodic or transient (die 
away in a finite time1). The Fourier transforms do not exist for statistically 'stationary' random loads 
[355).

10.3.4 Example: Frequency Domain Calculation of Road Response to Transient Loads

The following is a sample calculation of the response of a road to transient dynamic wheel loads, 
using the frequency domain calculation described in the previous section. In order to illustrate the 
method, the simplest possible road and vehicle response models arc used. The road model is an 
Euler beam supported by a damped elastic (Winkler) foundation [93]. The vehicle is a linear 
'quarter-car' model, with parameter values typical of one wheel-station of a heavy commercial 
vehicle. The vehicle is excited by a step-up of height u = 10mm in the road surface profile. The 
models and parameter values are shown in figure 10.2.

The wheel loads may have a steady (DC) offset because this can be considered as periodic’ with zero frequency.
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Speed v

m1=4450kg ki = 1 000kN/m c ^ lS k N s /m  Ш = 1.38 MNm2 p = 170 MN/m2 

m2 = 550 kg k2 = 1 750 kN/m c2 = 2 kNs/m q  = 353 Mg/m X = 1 MNs/m2 

Fig. 10.2 Model and parameter values for transient road response calculation. From [222].

The equation of motion of the beam is:

e ,^ 7  + + + РУ = f(x>l) (10.11)Эх4 at2 rt

where y(x, t) is the vertical displacement of the beam and f(x, t) is the applied lyre force.

In order to evaluate equation 10.10, it is necessary to determine F(co) (the one dimensional Fourier 
transform of the dynamic tyre force time history), and H(Ç, (ù) (the two dimensional Fourier 
transform of road surface impulse response function). H(Ç, w) is essentially the harmonic response 
function1 and is given by:

H(i® ) = ---------— 1-----------------• (Ю.12)
2я(Е Ң  -ш 2с  + i(ù\+ p)

F(cû) is the product of the Fourier transform of the step input and the vehicle response transfer 
function relating tyre forces to road surface displacements. For the simple 'quarter-car' vehicle 
model, this gives:

F(cd) = ^ -
— k2[-iO)3mim2-ci)2C](mj +m2) + itok1(m1 + m2)]

G)4mim2 -  io^OnjCi + m2cj + m]C2) 

-co2(mik| + m2kj +гп]к2 +cjc2) 

+io>(clk2+C2ki)+kik2

+ (m1 + m2)g8(û>). (10.13)

1 The harmonic response function differs from the Fourier transform of the 
0 / 2 «  1355).

impulse response function by a factor of
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The last term, containing the Dirac delta function 6(<o), is the Fourier transform of the static wheel 
load, (mi + m2) g, where g is the acceleration due to gravity. Combining H(Ç, eu) and F((o) 
according to equation 10.10 gives the Fourier transform of the beam displacement response, in a 
frame of reference moving with the load at speed v.

The inverse Fourier transform, required to determine y(x,t) from Y(Ç,üj) in equation 10.10 can be 
evaluated using a two-dimensional fast Fourier transform (FFT) algorithm. In order to generate real 
responses, the function H(Ç, (o- vÇ)F(cd) must be sampled at a grid of points and formed into a 
symmetric 'Hermitian* агтау, before transformation (see [355] for details).

This procedure was carried out for the vehicle and beam with parameters shown in figure 10.2. The 
displacement of the beam immediately under (and moving with) the load was found at various speeds 
and the responses of the beam for speeds of 10, 20 and 30 m/s are shown in figure 10.3.

Fig. 10.3 Road surface displacement response due to the quarter-car vehicle model mounting a 10mm step at speeds 
of: ------------- = lOm/s, ........................= 20m/s, ---------------- = 30m/s. From [222].

The road responses can be seen to display high frequency oscillations just downstream of the step 
due to dynamic tyre forces at the 'wheel hop' frequency of the vehicle. Lightly damped, lower 
frequency oscillations also occur due to sprung mass bouncing motion, for up to 100m downstream. 
The wavelength of these oscillations along the road is proportional to the vehicle speed, as expected. 
The mean road surface deflection under the load decreases with increasing vehicle speed, in 
accordance with the 'speed effect' [6, 93, 226].

Increasing the vehicle speed has no effect on the dynamic loads for the assumed instantaneous step 
input. However, it can be observed that the amplitude of road surface motion is smaller for the 
higher speeds, due to the dynamics of the road surface model. The same conclusion is also true for 
the peak displacement, just behind the load (not shown in the figure). The decrease in the amplitude 
of oscillations is, however, almost completely masked by the overall change in response magnitude 
due to the effect of speed. The response is not simply the static response of the road, scaled 
according to the applied loads - the effect of speed is significant. It may, however, be approximated 
by the response to a unit load moving at the appropriate velocity, scaled according to the 
instantaneously applied load [219].

It is interesting to investigate the foundation stress under the same set of applied forces. In this case, 
# (£ , CO) is replaced by H(^, (0) x (P + icoX), which will, on completion of the inverse Fourier 
transform, produce the foundation reaction force per unit length. The results for the same three
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speeds are shown in figure 10.4. It is clear that the mean foundation reaction increases with 
increasing speed. This is again consistent with the observations of dynamic amplification [432].

xlO*

Fig. 10.4 Foundation stress response due to die quarter-car vehicle model mounting a 10mm step at speeds of: 
-------------* lOm/s, ........................-20m/s, ---------------- -- 30m/s.. From [222].

10.3,5 Implementation of Theory for Measured Wheel Loads and Impulse Responses

If the impulse response function or the forces are derived from experimental measurements then the 
integrals (10.7) and (10.8) can in general only be solved numerically, see [219].

In order to evaluate the integral of equation 10.7 it must be replaced by a summation by substituting 
0as 0 = t - x  then discretisingso that 0 = jA 0 .

Nr N rl
y (x ,t)“ £  X  h (x -(d a  + vt) + v jA e,jA e)fm(t-jA e ) Д6. (10.14)

m=l jag

The summation is terminated at a time 6 = (Nh-1) Д0, after which the impulse response function is 
considered to have effectively died away to nothing.

If the impulse response functions are measured at distances Ag along the road and with time interval 
Д0, then a discrelised version of the impulse response is: h(k Ag, j A 0) = hkj. Similarly if the 
force is measured at time intervals Ax and the response is required at space intervals of Ax and 
time intervals of At then the response and the input force as well as the impulse response function 
can be discretised as follows:

У (k A*i 1 At) -  Уу 
h(kAg.jA©) = hk.j 

fm0AD = W

(10.15)
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Substituting these into equation 10.14 gives
Nf Nipl

Ук,1 = Д9 X  X  а̂(к-Гт)-у1+Й. 4j ^m. vl-gj (10.16)
m=l j=0

where

а  = Д* p rm = 4  Л = Д& y -  Al Ц = Д£
Ag Ag Ag Ax A0 At At

If the integral is to be evaluated in a frame of reference moving with the vehicle then the same 
procedure can be followed starting from equation 10.8 with the result:

Nr Nh-l
Ук,1 = Дв X  X  hatk-rn̂ -Yl+Pj, qj fm. vl-pj- (10.17)

m=l j=0

Each of these equations, (10.16) and (10.17), requires Nh Nf+1 multiplications for each value of y. 
If the response y is required at Ny positions in space and Nt times then a total of 
Ny Nt (Nh Nf+1) real multiplications is required. Interpolation will also be required because 
neither the arguments of the impulse response function, nor the argument of the forcing function, are 
likely to fall exactly on measured data points.

10.4 EXPERIMENTAL INVESTIGATION

10.4.1 Test Sections

A programme of experiments was carried out on an instrumented section of test track at the Transport 
Research Laboratory (TRL) in the UK in order to verify the theory described in the previous section. 
The instrumented road had two test sections: Section A had 50min of Hot Rolled Asphalt (HRA) 
wearing course, a 150inm roadbase of Dense Bituminous Macadam (DBM), 300mm of Type /> 
crushed granite subbase, and a lm bed of clay (CBR » 2%) laid on the existing subgrade of 
hoggin, which had a CBR of approximately 3% (see figure 10.5). Section B, consisted of a 50mm 
HRA wearing course, 200mm DBM roadbase, and a 225mm crushed rock subbase laid directly on 
the hoggin. Both sections gave qualitatively similar test results. Unless otherwise stated, the results 
presented here are for Section A. 1

1 Type 1 specifies the grading (distribution of particle sizes) of the aggregate. Type l material is the usual standard fur 
subbases in the UK.
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50m:

Accelerometer

Hot Rolled Asphalt

Dense Bituminous 
Macadam

150mi

300mm Crushed Rock

1000mm Clay

Hoggin

Fig. 10.5 Cross-section of the experimental test track. From [222].

10.4.2 Impulse Hammer and Instrumentation

Each test section contained two banks o f instruments. Each bank consisted of a surface 
accelerometer, a soil strain gauge and a base strain gauge, mounted directly one above the other. 
The banks were nominally 3m apart and in the nearside wheel-path. The soil strain gauges were 
Linear Variable Differential Transformers (LVDTs) mounted vertically with their centres 650mm 
below the surface of the road. The undisturbed length of both LVDTs prior to installation was 
79mm. The base strain gauges were of a conventional metal foil type and were mounted to measure 
strains transverse to the wheel-path at the bottom of the asphaltic layers.

The locations of the soil strain gauges were established as accurately as possible using the impulse 
hammer described next. The base strain gauges were assumed to be directly above the soil gauges 
and the accelerometers were installed at the surface on the same vertical line.

The instrumented hammer used to measure the impulse responses, was a modified version of the one 
described by Hunt [250]. The head of the hammer had a mass of 18.2kg and was faced with layers 
of latex so that it would not damage the road surface. The hammer arm was 2m long, giving an 
impact velocity of 6.3m/s when dropped from full height. The peak force during the impulse was 
approximately 40kN and the impulse duration was approximately 10msec.

The impulse and road responses were recorded by a digital data logger. Details of signal 
conditioning equipment and data processing can be found elsewhere [219].

In addition to the equipment directly involved in the measurement of impulse responses, temperature 
probes were mounted in the road surface. The road surface temperature was recorded with every 
impulse response and the temperature profile through the road was monitored at regular intervals 
throughout the testing period.
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J 0.4.3 Linearity tests

The theory of Section 10.3 relies on use of the convolution integral, which is based on the principle 
of superposition. This requires the road to behave linearly, ie the magnitude of the response to be 
proportional to the magnitude of the input, at any excitation frequency.

The linearity of the test road was investigated by applying impulses of different magnitudes. The 
size of the applied impulse is proportional to the square-root of the height from which the hammer is 
dropped:

I = mh(l + e)V2gh (10.18)
where I 

mh 
e
g
h

is the impulse,
is the effective mass of the hammer head,
is the coefficient of restitution,
is the acceleration due to gravity, and
is the height from which the hammer-head is released.

For each test, the hammer was dropped from three different heights: 2m, I m and 0 5m. For every 
hammer drop the impulse response function was obtained by dividing the Fourier transform of the 
output response by the Fourier transform of the input force and then inverse Fourier transforming the 
result. This had the effect of normalising the response at each frequency by the magnitude of the 
input at that frequency.

The normalised responses from the accelerometer in one instrument bank are shown in figure 10.6. 
The three curves are hardly distinguishable, indicating that the response measured by this 
accelerometer was from a system showing a high degree of linearity. The base strain response was 
observed to be similarly linear. The soil strain response, illustrated in figure 10.7 however, showed 
distinctly nonlinear behaviour. The largest response (solid line) was to the largest impulse indicating 
a system with a characteristic like a softening spring.

Fig. 10.6 Accelerometer linearity test on Test Section A. From [222].
Hammer height: 2m -  1m ...................... 0.5m
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Time (seconds)

Fig. 10.7 Soil str&io gauge linearity test on Test Section A. From [222].
Hammer height: , , , =  2m; ....................... =  I m , ___________ = 0.5m.

Soils have been observed to exhibit this type of behaviour under large strains [39] but conversely, 
[177] reported stiffening characteristics o f  a silty clay. If the soil exhibited significantly nonlinear 
behaviour then it would be expected to influence the response of the whole structure. This is not the 
case, because the responses measured by the accelerometer and base strain gauges were linear. 
Therefore, the nonlinearity in the soil strain response was probably introduced by the soil strain 
measurement system.

Figure 10.7 shows that the soil strain gauge output did not return to zero after the impulse response 
reached a steady state. This offset was observed to be stable and permanent. It was probably caused 
by sticking of the LVDT or inelasticity in the soil supporting it. If friction was present in the LVDT 
then it would be expected to behave with the softening spring characteristic as observed.

It is concluded that, under the conditions o f  testing, the test section behaved in an essentially linear 
manner but that some nonlinearities may have been introduced by the soil strain measuring system. 
The effect of these nonlinearities on the convolution calculation were minimised by using a hammer 
that applied a force of magnitude similar to typical wheel loads [51].

10.4.4 Isotropy tests

To investigate how road responses varied with absolute position on the road, impulse responses 
were measured for hammer drops at four positions (at 90* intervals) around each gauge. Eaoh 
impulse position was 2m away from the gauge. Ten impulse response functions were measured and 
averaged for each position.

Figure 10.8 shows the impulse response functions measured by the accelerometer in instrument 
bank 1. The four responses are similar both in overall shape and magnitude and the differences are 
primarily in the ringing after the initial peaks. The largest response (solid line) was to the hammer 
blows that were outside the nearside wheel-path (ie towards the middle of the road). Similar results 
were observed for the accelerometer in bank 2. The differences between the responses appear to be 
due to anisotropy in the road construction. The road surface temperature only varied between 27.7 
and 30. ГС  during these measurements and is not thought to be the source of the differences.
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Fig. 10.8 Accelerometer isotropy test (bank 1, Test Section A). From [222].

The base strain gauge responses for bank 1 (figure 10.9) show two distinctly different 
characteristics. The larger responses are to hammer blows at positions off the nearside wheel-path 
(with the solid lines representing the responses to inputs outside it). These are longitudinal (radial) 
strain impulse responses. The smaller response curves are transverse (circumferential) strain impulse 
responses. As with the accelerometers the responses show reasonable isotropy until they start to 
decay.

Time (seconds)

Fig. 10.9 Base strain gauge isotropy test (bank 1). From (222).

Figure 10.10 shows the responses of the two soil strain gauges to the isotropy test. The gauge in 
bank 1 again shows good isotropy with the solid line representing the response to hammer blows 
outside the wheel-path. The responses of the gauge in bank 2, were somewhat less isotropic.

The two most likely reasons why the responses from the LVDT in bank 2 did not indicate as 
isotropic a response as the LVDT in bank 1 are:

(i) The exact position of each LVDT gauge was not known and was difficult to determine.

(ii) The use of heavy rollers on the subgrade during construction may have rotated the soil strain 
gauges away from the vertical. This would give rise to a directional response.



178
VEHICLE -  RO AD INTERACTION

Fig. 10.10 Soil strain gauge isolropy test (bank 1). From [222].

If a road is significantly anisotropic it is not practical to use a different response model at every point, 
unless statistical methods are used, eg [277]. Otherwise it is necessary to calculate a representative 
response for the road, which is the assumption made by most mechanistic flexible pavement design 
procedures.

While the results of the isotropy tests have not shown ideal behaviour, it was decided that the test 
sections could be considered to be locally isotropic [469] for the purpose of further study and 
theoretical development.

10.4.5 Temperature effects

Road responses were observed to vary significantly as the temperature in the road varied. In order to 
monitor this to some degree, the road surface temperature was recorded with every impulse 
response. Figure 10.11 shows the peaks of the normalised impulse responses plotted against the 
surface temperature for all hammer drops that were directly over gauges. For base strain 
measurements the peaks are negative whereas they are positive for the soil strain gauges. This 
corresponds to peaks in compression in the soil and peaks in tension at the bottom of the asphaltic 
bound layers.

There is clearly a correlation between the peak impulse response and surface temperature. It should 
be noted, however, that the surface temperature is not always indicative of the mean effective 
temperature of the road structure and so a high correlation is not expected. The response of the 
pavement can be seen to be very sensitive to temperature, with approximately a factor of four 
variation in soil strain response for a surface temperature range of 13 to 42 “C.

Because of the temperature sensitivity of the road response, the impulse responses used in the 
convolution calculation were measured under conditions that were as close as possible to those 
during the vehicle tests. From an examination of the daily temperature variation it was decided to 
carry out these tests very early in the morning when temperatures were at their most stable and the 
effects of solar healing minimised.

10.4.6 Description of Vehicle Tests

An instrumented four-axle articulated vehicle was provided by TRL. Each axle was fitted with two 
strain gauge bridges and two accelerometers, so that all lyre forces could be measured and logged by 
an on-board analogue tape-recorder. Details of the instrumentation and calibration can be found in 
D15J. (Sec also Section 7.3.1.)
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The static weights of the axles were measured to be 29.1kN on each wheel of the steering axle, 
40.4kN on each wheel of the drive axle and 37.9kN on each wheel on the trailer’s tandem axle 
group. The three heavily loaded axles all had dual tyres.

Fig. 10.11 Impulse response peaks plotted against road surface temperature. From [222].

The vehicle was driven over the test section at two nominal speeds: 50 and 80km/h. In each test the 
lorry was driven over the measuring points with each outside tyre of the three sets of dual-tyres 
passing as accurately as possible over the nominal position of the gauges. The single tyre of the 
steering axle was slightly in*board of the outside tyre of the dual-tyres. The longitudinal position of 
the vehicle along the lest section was monitored at three points by infra-red beams which placed 
pulses on one track of the analogue tape recorder. Simultaneously, pulses were recorded by the 
roadside digital data-Iogger which also measured the pavement strains.

The lateral position of the vehicle was not monitored but observations of the tyre position as the 
vehicle passed showed that the tyres followed a line within 200mm of die nominal gauge position at 
high speeds and were more accurate at lower speeds.1

A set of impulse responses was measured on one side of one bank of buried strain gauges 
immediately before the vehicle was driven over the test section. The impulse responses were 
measured at twenty-one points at 150mm intervals along the wheel path. At each position the 
hammer was dropped five times and the normalised impulse responses were averaged.

IQ A .7 Model Validation Results

The discrete convolution calculation in a stationary frame of reference (equation 10.14) was used to 
combine the measured wheel forces with the measured field of impulse responses. Impulse 
responses were taken at relatively widely spaced points along the road and it was found necessary to 
interpolate between these responses. No distinction was made for single or dual wheels and no 
correction was made for the small differences in wheel-path. The effects of the offside tyre forces on 
the nearside road response were assumed to be negligible.

Figure 10.12 shows a typical base strain gauge response to a lorry pass at 50 km/h Peaks are 
clearly visible when each axle passes over the gauges, with the first peak in response due to the 
steering axle. The magnitudes of the calculated peaks arc quite similar to the measured values and the 
main discrepancy is the rale at which the response decays after each wheel has passed. The

1 In separate tests, using the same driver, the lateral position of a vehicle was monitored by a video recorder mounted 
underneath. The recorded picture showed that the steering axle strayed from its line by less than 100mm at M) km/h
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calculated rate is a little fast, giving an exaggerated trough between the wheels of the tandem axle 
trailer suspension. This is thought to be due to a slightly nonlinear viscoelastic response of the road 
surface which is more pronounced at the slower loading rates associated with the passing vehicle 
than at the rapid loading rates used to make the impulse response measurements.

Fig. 10.12 Base strain gauge response to a $0km/h test. From [222].
------------------- Measured , ...................Calculated.

Figure 10.13 shows a typical base strain response for an 80km/h lorry pass. A similar pattern was 
shown by all other results. The calculated peak responses correlate well for all axles. Comparison 
with the 50km/h runs show that the peaks in the measured responses are generally lower in 
magnitude, as expected from the speed effect. The simulation still does not quite follow the decay of 
the measured response as it falls away from the peaks although it is somewhat more accurate than at 
50 km/h.

Fig. 10.13 Base strain gauge response to an 80kra/h test. From [222]. 
---------------- Measured, ....................... Calculated.



RESPONSE OF CONTINUOUS PAVEMENTS 181

Typical responses of the soil strain gauges to 50km/h and 80km/h tests are shown in figures 10.14 
and 10.15. At 80km/h, the peak strains under the tandem axles change significantly between the two 
banks of gauges for both measurement and simulation. This indicates that dynamic tyre forces on 
the tandem suspension affect the road response between the banks of gauges. The calculated 
responses to the 50km/h tests under-predict the measured response by approximately 15% on all of 
the runs. For the 80km/h tests the overall error is reduced slightly.

The calculated responses give the peaks and troughs in the correct places and also follow the dynamic 
component of the tyre forces. The calculated and measured responses all vary in overall magnitude 
with speed and the general trends are the same. The main source of егтог in the magnitude of the soil 
strain predictions is thought to be due to the nonlinearity of the soil strain gauges.

Other sources of error for both sets of gauges are thought to be:

(i) lateral off-tracking of the tyres from the strain gauge positions;

(ii) inaccuracy in the exact location of the strain gauges;

(iii) road surface temperature variations during the period between the measurement of the 
impulse response functions and the lorry tests;

(iv) the effects of single and dual tyres on the pavement response which was not included in the 
calculations;

(v) dynamic contact area variations.

10.5 RESPONSES TO IDEALISED LOADS

10.5.1 Effect of Frequency on Pavement Response

To analyse the effects of the frequency of dynamic loads on road response, an idealised load was 
convolved with measured impulse response functions from the test road, using the theory described 
and validated above. The idealised load consisted of a sinusoidal component, with a magnitude of 
5kN, superimposed on a static load of lOkN so that the total was represented by

P(t) =10 + 5 sin (2rcft) (kN). ( 10 19)

This load was not moving along the road.

The sinusoidal force component causes the road response to vary with time. For comparison 
purposes the soil and base strain responses have been plotted as a function of distance in 
figure 10.16 at the instant in the cycle when the strain directly under the load reaches its maximum 
value. This is not necessarily at the same moment as the load reaches its maximum because energy 
radiation and material damping cause the road response to lag in time behind the applied force.
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Fig. 10.14 Soil strain gauge responses to a 50km/h test. From [222].
------------------ - Measured , ...................Calculated.

The base strains are positive, indicating tension, and the vertical soil strains show the expected 
(negative) compression. The base strain is observed to decrease as the frequency increases from 3.5 
to 10Hz but then it remains approximately constant as the frequency is increased to 20Hz. The 
magnitude of the soil strain response, however, decreases when the frequency is increased to 10Hz 
but increases again, almost back to the 3.5Hz level, when the frequency is increased to 20Hz.

Similar behaviour has been observed in the harmonic responses o f theoretical layered dynamic 
pavement models for road models. Hardy [219] and Sebaaly [414] identified various resonances 
that caused the predicted harmonic responses to rise and fall with increasing frequency of loading. 
Note that material damping in the structure removes any large resonant peaks from the response.
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Fig. 10.15 Soil strain gauge responses to a 80km/h test. From [222]. 
------------------ Measured , .................Calculated.

10.5.2 Effect o f Speed on Pavement Response

The effect of vehicle speed can be examined using the dynamic model by convolving a moving 
constant load with the measured impulse responses. Figure 10.17 shows the calculated soil and base 
strains due to a constant lOkN load moving at 5, 20 and 40 m/s. The responses were calculated in a 
frame of reference moving with the vehicle so that the horizontal axis represents distance ahead of the 
moving contact point at an instant in time.

Both the base and soil strains decrease in magnitude with increasing speed. The peak in base strain 
decreases from approximately 40 microstrain at 5m/s to approximately 30 microstrain at 40 m/s, a 
decrease of 25%. Note that the main reduction in response occurs between 5 m/s and 20 m/s. A 
smaller decrease in magnitude, can be observed in the soil strain response: just 12.5% from 
160 to 140 microstrain. The response peaks move further behind the load and the responses decay 
more slowly with distance as the speed increases.
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Such behaviour, which is consistent with theoretical calculations o f a beam on an elastic foundation 
[92, 326, 327], cannot be simulated using a static, or stationary harmonic, road model. The 
observations are qualitatively consistent with previous studies, discussed in Section 10.2.4,

Fig. 10.16 The effect o f loading frequency on pavement response. From [223].
Base S train :_______________ = 3 .5H z,............................ = 10Hz_________________ =20Hz,
Soil Strain: .............................. = 3 .5H z,...............................^ lO H z ,----------------------- =20Hz

Fig. 10.17 The effect of speed on pavement response to a constant moving load. From [223].
Base Strain: - - * 5m/s..............•  20m/s, — --------------------- — ------- = 40m/s,
Soil Strain: ..............................= 5m/s.................................. . » 20m/s , -----------------------*
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10.5.3 The Combined Effects of Speed and Frequency
Having examined the effects of speed and frequency independently it is important to investigate their 
combination. Figure 10.18 shows the theoretical base strain response to dynamic loads moving at 
20m/s. The dynamic loads are described by equation 10.19, with frequencies of 3.5, 10 and 20Hz. 
The response to a steady 15kN load moving at 20 m/s is also shown. All the responses are 
calculated at the points on the road surface that suffer the maximum strain under the oscillating force 
(not necessarily the same point at which the force reaches its maximum value).

Fig. 10.18 Base strain responses lo dynamic loads moving at 20m/s. From [223].
______________ = 0H z............................. . = 3.5Hz,
______________ = 10Hz.............................. = 20Hz.

It is clear that the loading frequency has a relatively small effect on the maximum strain suffered, 
although it does affect the rate at which this level is reached. The 20Hz response shows an additional 
oscillation which illustrates that, under some circumstances, the cycles of loading can be delected in 
road response. (The additional cycle may have an influence on fatigue damage calculations, in which 
the number and magnitude of loading cycles are considered). The static (0Hz), 15kN load forms an 
envelope around the other response curves, reaching a slightly higher maximum than the dynamic 
responses.

Figure 10.19 shows the soil strain responses of Test Section A to the same set of loads. Similar 
conclusions nmy be drawn from these curves but it is interesting to note that the 10Hz load produces 
a slightly greater peak than the I5kN static load. This dynamic amplification of strains is an 
unexpected result that could not be predicted by a static road model. Figure 10.20 shows a summary 
of the speed and frequency response results for both Test Sections (A and B). It is clear that the 
effect of loading frequency is relatively small for both test sections if the load is moving at a speed 
greater than 5 m/s. Furthermore, although speed has a large effect on the 0Hz response, it has 
relatively little effect on pavement response to the higher frequency load components.



186 VEHICLE -  R O A D  INTERACTION

Fig. 10.19 Soil strain responses to dynamic loads moving at 20m/s. From [223].
_______________ = 0H z................................ . = 3.5Hz,
----------------------- = 10Hz................................= 20Hz.

Section A Section B

•Fig. 10.20 Frequency and speed effects on both road sections: From [223].
Section A _______________ = 0 H z ; .............................= 10  H z ; ___________________ 20 Hz,
Section B ..............................= 0 H z ; ..............................= 10 H z ;___________________ 20 Hz.
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10.6 TOE INFLUENCE FUNCTION APPROACH

10.6.1 Influence Function Calculation in a Fixed Frame of Reference

It is clear from the foregoing study that the effects of loading frequency on pavement strains are 
relatively minor compared with the effects of speed. It is possible to simplify the convolution theory, 
which requires considerable computer resources, to yield a quasi-dynamic' calculation. This 
simplification neglects the effect of loading frequency whilst maintaining correct allowance for 
vehicle speed, and the magnitude of the dynamic wheel loads.

Substituting т' = t -  T into equation 10.7 gives

Nf
y ( x , t ) = X  I h(x- dm- v(t- f  ), т')fm(t- f) d f . (i 0.20)

m=l JO

The impulse response function h(x, t) will eventually decay to zero so that in practice the integral 
does not need to be taken to infinity.

If the force changes slowly compared to the rate at which the impulse response function decays, then 
it may be considered to be constant over the integral, with a value of fm(t). In this case, equation 
10.20 reduces to

Nf
У (x, 0 = X  fm(0 r(v- X -  dm -  vt )

m=l

where I (v, x) = f h (x + vt, x) d t

( 10.21)

Here I(v, x) is the 'influence function' for speed v and distance x from the point of application of 
the load.

This simplification reduces the total number of multiplications for each value of y(x, t) from NfNj 
to NffNj, where Nj is the number of multiplications required to evaluate the integral of equation 
10.21 (typically 30 to 50).

10.6.2 Influence Function in a Moving Frame of Reference

A similar transformation (to that just performed on equation 10.7) can be performed on equation 
10.8, giving the response in a moving frame of reference:

Nf
y (X, t) = X  W O I (V. x -  dm). (10.22)

m=l

10.6.3 Comparison of Influence Function and Convolution Calculations

Figure 10.21 shows a base strain response predicted by the two different calculation procedures 
(equations 10.7 and 10.21). The load is defined by equation 10.19 with a frequency of 10Hz and a 
low speed of 5m/s. There are clearly significant differences between the resjHWses, but the applied 
loading is not typical of vehicle loads: vehicles travelling so slowly are unlikely to produce such 
large dynamic forces even on the roughest roads.
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Fig. 10.21 Base strain responses predicted by the two calculation procedures. From [223]. 
Speed = 20m/s, loading frequency = 10Hz

= Convolution , ..............................= Influence function.

To establish the validity of the 'quasi-dynamic' assumption implied by the influence function 
calculation, for idealised loads, the relative error Ô is defined by:

5(v, 0  = £(V’ Р  * V’ 0) x  100 (%) (10.23)
e(v ,f)

for a dynamic pavement load defined by

P(t) = cos (2ftft). (10.24)
where 5 is the percentage error introduced by the influence function calculation,

V is the speed,
f  is the frequency of the applied load, and
e(v, f) is the peak strain due to a unit load with frequency f  travelling at speed v.

The relative errors for base and soil strains are shown in figures 10.22 and 10.23. The base strain 
responses are modelled quite accurately by the influence function calculation, for speeds above 
20m/s, but the method is less accurate for the soil strains (figure 10.23), with errors around 5%.

The relative error Ô is the error in predicting the dynamic component of the road response with no 
static component (equation 10.24) and would be biased by the static load. The response to the static 
component of the load is not affected by the calculation procedure, and therefore the error in 
predicting the response to typical dynamic tyre forces is less than 6. For a load described by

P(t) = Po [l + a  cos (2Kft)] (10.25)

the true response, E(v, f, a ), would be

E(v, f, a )  = P0 [e(v, 0) + a  e(v, f)] ( ю.26)

and the influence function calculation would give quasi-dynamic response 
E(v, 0, a )  = Po e(v, 0) (1 + a).

The percentage error introduced by the influence function calculation is therefore given by:

(10.27)
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I, =

1 + a

E(v, f, a) x 100 (%) 
x S(v, 0.

For normal dynamic loads, a  < 1.0 (typically, a  = 0 2 -  0 5 rK .
From figures 10.22 and 10.23, this is a relatively small error “ typically < 5%" “

Fig. 10.22 Relative errors for computed base strains. From [223].
______________ = 3.5Hz,.......................... .. = 10Hz______________ = 20Hz.

Fig 10.23 Relative errors for computed soil strains. From (223).
______________ = 3.5Hz........................... s l0H z’

= 20Hz.
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(10.28) 

A £ 1/2 8(v, 0.
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10.7 COMPARISON OF CONVOLUTION AND INFLUENCE FUNCTION 
CALCULATIONS

Î 0.7.1 Modelling Dynamic Wheel Loads

To compare the calculation procedures for realistic operating conditions, a set o f theoretical tyre 
forces was generated using the vehicle simulation methods described in Chapter 5. The two simple 
linear vehicle models shown in figure 5.1 were used, with similar parameter values. The ’quarter 
car' vehicle model generated tyre forces with the main dynamic component at I.9Hz [95], being 
representative of a soft steel or air suspension. The ’walking-beam' model produced dynamic wheel 
loads with dominant frequencies of 2.8 and 9Hz. It represents the minority of suspensions which 
generate large dynamic wheel loads due to unsprung mass motion (lightly damped pitching of the 
walking-beam in this case).

A ’poor' random road profile, as defined by equation 3.1, was used as input to the vehicle 
simulations. This profile is representative of a minor country road. It was used so as to excite large 
dynamic loads that would yield 'worst case' differences between the convolution and influence 
function (dynamic and quasi-dynamic) road response calculations.

/0 .7.2 Pavement Strains

The tyre forces generated by the quarter-car vehicle model were used as input to the two road 
response calculations (convolution and influence function). Figure 10.24 shows the peak responses 
experienced as a function of distance along the road due to this vehicle travelling at 30m/s. The 
differences between the dynamic convolution calculation and the ’quasi-dynamic’ influence function 
calculation can be seen to be relatively small, and significantly less pronounced than in figure 10.21.

Fig. 10.24 Peak base strains predicted by the two calculation procedures (quarter-car model). From [223]. 
_ _ _ _ _  = Convolution................................ = Influence function.

The peak responses occur a short time after the wheel has passed. This is illustrated by figure 10.25 
which shows the force applied to each point on the road plotted against the maximum base strain 
experienced in the structure directly at (under) that point. The hysteresis loops that can be seen are 
expected for a system with significant damping or viscous properties. The two curves are for speeds 
of 30m/s and 5m/s. They show that the road appears to be stiffer for faster vehicles.

If the hysteresis loops in figure 10.25 were sampled at discrete points, the data would appear to 
scatter in a fashion similar to the experimental measurements by Christison, shown in the previous 
chapter (figure 9.2).
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Fig. 10.25 Peak base strain plotted against the applied force, quarter car model. From [223].
______________ = 30m/s............................... = 5m/s.

To establish the regimes over which the influence function calculation is sufficiently accurate, the 
error coefficient of variation is defined as

7 = iSMS. (Ю.29)
mconv

where Erms is the RMS difference in the peak strains evaluated at each position along the road 
by the two calculation procedures, and 

mconv is the mean of the peak strains evaluated by the convolution method.

This coefficient was evaluated for both soil and base strains over a range of speeds and is shown in 
figure 10.26. For each speed and calculation method the response was simulated for a period of 10 
seconds. This short loading time gives rise to the observed scatter due to statistical errors. It is clear 
that the error coefficient of variation is generally very low (y < 0.002, ie 0.2%). The increase in 
dynamic wheel forces with speed is reflected in the shape of the curves.

It is apparent that the influence function calculation will generally give quite accurate strains for 
vehicles which generate predominantly low frequency loads.

To assess the accuracy of the influence function calculation for higher frequency wheel loads, the 
walking-beam model was simulated over the same section of road. The peak base strains along the 
road are shown in figure 10.27. It is clear from this and figure 10.24 that the influence function 
approximation is less accurate for this suspension model than for the lower frequency loads 
generated by the quarter-car model.

J0.7.3 Fatigue Damage

One of the main reason for predicting road strains is to evaluate the road damage inflicted by 
vehicles. It is important to know the magnitude of the errors in theoretical damage associated with 
the quasi-dynamic, influence function calculation.

Strains in the road were calculated using both the full convolution theory and the influence function 
calculation and these strains were then used to predict the damage incurred at equally-spaced points 
along the road, due to the passing of a single vehicle.
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Î 0.7.1 Modelling Dynamic Wheel Loads
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forces was generated using the vehicle simulation methods described in Chapter 5. The two simple 
linear vehicle models shown in figure 5.1 were used, with similar parameter values. The ’quarter 
car' vehicle model generated tyre forces with the main dynamic component at I.9Hz [95], being 
representative of a soft steel or air suspension. The ’walking-beam' model produced dynamic wheel 
loads with dominant frequencies of 2.8 and 9Hz. It represents the minority of suspensions which 
generate large dynamic wheel loads due to unsprung mass motion (lightly damped pitching of the 
walking-beam in this case).

A ’poor' random road profile, as defined by equation 3.1, was used as input to the vehicle 
simulations. This profile is representative of a minor country road. It was used so as to excite large 
dynamic loads that would yield 'worst case' differences between the convolution and influence 
function (dynamic and quasi-dynamic) road response calculations.
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The tyre forces generated by the quarter-car vehicle model were used as input to the two road 
response calculations (convolution and influence function). Figure 10.24 shows the peak responses 
experienced as a function of distance along the road due to this vehicle travelling at 30m/s. The 
differences between the dynamic convolution calculation and the ’quasi-dynamic’ influence function 
calculation can be seen to be relatively small, and significantly less pronounced than in figure 10.21.

Fig. 10.24 Peak base strains predicted by the two calculation procedures (quarter-car model). From [223]. 
_ _ _ _ _  = Convolution................................ = Influence function.

The peak responses occur a short time after the wheel has passed. This is illustrated by figure 10.25 
which shows the force applied to each point on the road plotted against the maximum base strain 
experienced in the structure directly at (under) that point. The hysteresis loops that can be seen are 
expected for a system with significant damping or viscous properties. The two curves are for speeds 
of 30m/s and 5m/s. They show that the road appears to be stiffer for faster vehicles.

If the hysteresis loops in figure 10.25 were sampled at discrete points, the data would appear to 
scatter in a fashion similar to the experimental measurements by Christison, shown in the previous 
chapter (figure 9.2).
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Fig. 10.25 Peak base strain plotted against the applied force, quarter car model. From [223].
______________ = 30m/s............................... = 5m/s.

To establish the regimes over which the influence function calculation is sufficiently accurate, the 
error coefficient of variation is defined as

7 = iSMS. (Ю.29)
mconv

where Erms is the RMS difference in the peak strains evaluated at each position along the road 
by the two calculation procedures, and 

mconv is the mean of the peak strains evaluated by the convolution method.

This coefficient was evaluated for both soil and base strains over a range of speeds and is shown in 
figure 10.26. For each speed and calculation method the response was simulated for a period of 10 
seconds. This short loading time gives rise to the observed scatter due to statistical errors. It is clear 
that the error coefficient of variation is generally very low (y < 0.002, ie 0.2%). The increase in 
dynamic wheel forces with speed is reflected in the shape of the curves.

It is apparent that the influence function calculation will generally give quite accurate strains for 
vehicles which generate predominantly low frequency loads.

To assess the accuracy of the influence function calculation for higher frequency wheel loads, the 
walking-beam model was simulated over the same section of road. The peak base strains along the 
road are shown in figure 10.27. It is clear from this and figure 10.24 that the influence function 
approximation is less accurate for this suspension model than for the lower frequency loads 
generated by the quarter-car model.

J0.7.3 Fatigue Damage

One of the main reason for predicting road strains is to evaluate the road damage inflicted by 
vehicles. It is important to know the magnitude of the errors in theoretical damage associated with 
the quasi-dynamic, influence function calculation.

Strains in the road were calculated using both the full convolution theory and the influence function 
calculation and these strains were then used to predict the damage incurred at equally-spaced points 
along the road, due to the passing of a single vehicle.
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À 'good1 random road profile, as defined by equation 3.1, was used as input to the vehicle 
simulations. This profile is representative of a major trunk road. It was used so as to excite typical 
dynamic loads that would yield differences between the convolution and influence function (dynamic 
and quasi-dynamic) road response calculations, that may be expected in practice.

Fig. 10.26 Error coefficient of variation plotted as a function of vehicle speed for the quarter-car model. From [2231. 
■ = Base strain ............................... = Soil strain.

Position (m )

Fig. 10.27 Peak base strains predicted by the two calculation procedures (walking-beam). From [223).
= fVmvniiif»nn. ............................. = Influence function.
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The proportion of the total fatigue life of the pavement used by a single pass of the vehicle1, was 
calculated from the predicted base strains, using Miner's hypothesis to relate damage to numbers of 
strain cycles [93] and fatigue properties of a typical asphalt mix:

where

Nj = ki q k2

d is the damage due to n strain cycles with magnitudes £j, i=l,2,...,n,
Ni is the number of strain cycles to failure at strain level £j
k i , k2 are material constants, with values of kj = 1014 and кг = 5 (from [72])

(10.30)

The number and magnitude of strain cycles was found from the strain time histories using the 
'rainflow' counting method [430]. Figure 10.28 shows examples of the variation of damage with 
distance calculated in this way. The differences between the two calculation procedures (convolution 
and influence function) are evident in the predicted damage.

Fig. 10.28 Road damage predicted by the two calculation procedures. From [223].
Quarter-car: _ _ _ _ _  = Convolution.............................  = Influence function,
Walking-beam:---- ---------------= Convolution, —— . . . . — = Influence function.

The road damage histories were processed to determine the 95th percentile damage value [93]. This 
statistic takes into account the fact that the damage may be concentrated at certain areas along the road 
and that (in the worst case) the road will ultimately fail due to excessive wear at these locations [94]. 
Five percent of the road surface in the wheel track incurs damage greater than the 95th percentile 
damage level.

The variation of the 95th percentile damage with speed for both vehicle models and both calculation 
methods is shown in figures 10.29 and 10.30. In each case, the graphs are normalised by the 
damage incurred at ’creep speed'. Figure 10.29 was generated using impulse response measured on 
pavement Section A, whereas figure 10.30 was generated using impulse responses from Section B. 
The figures were produced by simulating 180s of vehicle and road response for each speed, the long 
simulation time being required to reduce statistical errors. The predicted damage increases smoothly 
with speed for the quarter-car model, but oscillates for the walking beam model, due to 'wheelbase 
filtering' [93].

1 This type of 'single-pass' road damage calculation is described in more detail in Chapter 17.
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Fig. 10.29 Normalised 95th percentile road damage as a function of vehicle speed, Section A. From [223].
Quarter-car: —. = Convolution..................................= Influence function.
W alking-beam:--------» . -------- = Convolution,------------------------ = Influence function.

Fig. 10.30 Normalised 95th percentile road damage as a function of vehicle speed, Section B. From [223J.
Quarter-car: _ _ _ _ _  = Convolution................................= Influence function,
Walking-beam: . . . . . . . .  = Convolution, . . . . . . . — . .  = Influence function.

It is apparent that the damage predicted by the two road response calculations is virtually identical for 
the quarter-car model (which generated low frequency wheel loads) and only slightly different for 
the walking-beam (which generated both high and low frequency wheel loads). The errors arc 
larger for Section B. The agreement between the curves for both vehicles, and the insensitivity of 
the predicted damage to road dynamics, shows that the ’quasi-dynamic’ simplifying assumption is 
accurate, even for extreme dynamic loads.
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The very large damage levels for the walking-beam suspension would not occur in practice, because:
(i) heavy vehicles would not be driven along such rough roads at high speeds; (ii) the tyres would 
loose contact with the road surface for these conditions, thereby limiting the maximum dynamic 
loads. This did not occur for the linearised vehicle models and the dynamic wheel loads were 
therefore a worst-case.

The calculations that were performed to generate figures 10.29 and 10.30 required 30 times more 
CPU time for each point on the 'convolution' curve than for the influence function curve.

10.8 CONCLUSIONS

(i) The theory required to calculate the dynamic response of a continuous, linear system to 
moving transient, periodic and random loads has been presented.

(ii) The assumptions of linearity and isotropy that are required by the theory were tested on an 
instrumented section of test track. They were found to be satisfied sufficiently well to justify 
the use of linear theory to predict the primary response of the road to passing vehicles.

(iii) The response of the test road was found to be very sensitive to temperature, with 
approximately a factor of four change of response to a standard load, over a temperature 
range of 13 *C to 42 eC.

(iv) The theoretical dynamic response of the test road was found to agree closely with the 
measured response. The calculation method was found to simulate the effects of speed and 
dynamic wheel loads correctly.

(v) The measured and predicted strains in the test road and in a simple model were observed to 
decrease significantly as the load speed increased. The stresses in the simple road model 
were, conversely, observed to increase with increasing speed.

(vi) The predicted dynamic strains (derived from experimental data) were found to be relatively 
insensitive to the frequency of applied dynamic loads.

(vii) The convolution theory, for calculating the dynamic response of continuous pavements to 
dynamic tyre forces, was simplified, with a consequent significant reduction in computing 
time. The 'quasi-dynamic' simplification disregards the effect of loading frequency but 
accounts correctly for the speed of the loads over the road surface. It was found that the 
simplification had little effect on predicted base strains in the test road, and a relatively small 
effect on the amount of theoretical fatigue damage.

(viii) The quasi-dynamic simplification has only been checked for one test road and for one 
response component (the transverse base strain). The dynamic loads used in the calculation 
were, however, larger than normally observed on typical trunk roads, and because of the 
insensitivity of predicted damage to road dynamics, it is thought that the results presented 
here are relatively general.

(ix) From the limited experimental evidence available, it is concluded that it is not necessary to 
use dynamic models for predicting damage to flexible pavements caused by heavy vehicles. 
The simplified quasi-dynamic calculation method can be used successfully to estimate the 
road-friendliness of vehicles, as long as suitable road damage relationships are used.
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11.1 SUMMARY

Computer programs for calculating strain histories in rigid pavements under heavy truck traffic are 
described. A finite-element structural model, ILLI-SLAB, was modified to generate influence 
functions which are combined with the dynamic loads under the wheels of a truck to predict the strain 
time histories at points of interest in the pavement. Using experimental measurements of pavement 
response it is demonstrated that these programs are capable of predicting strains in a jointed rigid 
pavement when the dynamic loads generated by the truck and pavement properties are known. 
Variations in truck speed cause some variations in strain not replicated by the pavement model, which 
has no speed-dependent effects. Behaviour in the vicinity of a pavement crack is difficult to predict 
because of the unknown load transfer properties of the crack, the inconsistent load transfer 
perform ance from test to test, and an apparent but unexplained sensitivity of load transfer 
performance to the truck travel speed.

This chapter is based on work previously published in [352]. It was performed as part of NCHRP 
project 1-25(1) [192].

11.2 INTRODUCTION

Rigid pavement structures are traditionally analysed by examining the stress and strain responses in 
the vicinity of a static load imposed on the surface of a plate supported by an elastic foundation [246, 
256, 488]. The analyses have been extended by consideration of non-linear foundation models 
[255], and to a limited extent, inclusion o f dynamic axle loads [319]. Very few rigid pavement 
models have been validated by comparison with field experiments. While static analysis provides a 
systematic method for quantifying the load bearing properties of a pavement structure, it does not 
lend itself to analysis of the cyclic stresses and strains caused by the moving, dynamic loads of a 
passing truck. At best, the static analysis methods only allow static responses from the analytical 
computations to be compared with experimental measurements. In the absence of a developed 
methodology for computing localised response to a passing truck, the analyst is hindered in studying 
the mechanics of the truck loading/pavement response process.

This chapter describes a methodology developed to calculate the response of jointed, rigid pavements 
to moving dynamic loads and shows the agreement that can be obtained between the simulation and 
experimental measurements of primary pavement responses.

11.3 THE RIGID PAVEMENT MODEL

The most commonly accepted method of modelling rigid pavement structures is with a finite element 
representation of the slab supported by an elastic base. Numerous models have been developed for
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this purpose [107, 245, 256, 448, 459], most being functionally similar to the program ’ILLI- 
SLAB' developed by the University of Illinois [448], which was used in this study.

ILLI-SLAB is a static model capable of calculating pavement response at any location as a 
consequence of a single-point load, defined by a pressure applied to a rectangular contact area. The 
input to ILLI-SLAB is a parameter list describing the pavement design, the finite element mesh to be 
used, and the load and its application point. The pavement design parameters are thickness of slab 
and sub-base (if any), elastic modulus of the slab and sub-base, modulus of subgrade reaction, and 
joint information such as load transfer devices and width of the joints. Dowels are described in terms 
of material properties and dimensional information. Special attention is given to joints allowing them 
to be handled in four ways: doweled joints, joints with aggregate interlock, joints with dowels and 
aggregate interlock, and free joints. In the case of doweled joints, torsion, moment, and shear 
effects of the dowel bars can be selectively included.

The finite element mesh is described by the coordinates of a rectangular grid of nodes. In the 
longitudinal direction up to 10 slabs can be modelled, requiring considerable computer memory. It is 
usually necessary to model at least three slabs, with two joints, in order to properly represent end 
effects on the middle slab. The program calculates the stresses and deflections at each node of the 
finite element mesh and generates output responses at points selected by the user.

In order to calculate the pavement response to a load moving along the surface, an approach utilising 
influence functions was developed. Because the load from a truck wheel moves along a wheel path, 
it is sufficient to know how the stress or strain response at a point of interest is influenced by a load 
applied anywhere on the wheel path. This relationship between applied load and the response at a 
point of interest is called an 'influence function’, which is defined as:

<u-i)
Ji

where:
lij is the influence function for point j due to a load at point i, 
yj is the primary response (stress, strain or deflection) at point j, 
fi is the force at point i.

Since the pavement models are linear, the influence function is not load dependent, and the response 
to loading from the multiple wheels of a truck can be determined by superposition of the responses to 
individual wheels.

The ILLI-SLAB model was modified to calculate influence functions by adding a subroutine which 
runs the model sequentially with a unit load applied at each point along a defined wheel path. In the 
modified form, the program saves the response at every node in a file, with separate files for each 
load position. Names are automatically assigned to each file using a common prefix and sequential 
numbering. At the completion of the run the files are reprocessed to obtain the influence function for 
all selected node positions. This is accomplished by extracting the response for the point of interest 
from the file for each load position and saving it in an influence function file for that point. In 
addition, the program performs certain housekeeping functions, such as maintaining a record of file 
identifications and the load and response positions.

The modified version of ILLI-SLAB, can be run in desktop computer environments. The 
computation time, depends directly on the finite element mesh size and the number of load positions 
along the road. Although computation time may be lengthy, once the influence functions have been 
calculated for a given pavement design, they can be stored and the FE calculations need not be 
repeated. The influence functions can then be used to determine the response to any arbitrary set of 
moving dynamic wheel loads.

A typical influence function for strain in the longitudinal direction at a point on ihe bottom of a 12m x 
3.7m x 240mm slab near its midpoint is shown in figure 11.1.
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The pavement response to a moving load is readily seen in the influence function. As a tyre 
approaches, compressive stress begins to build, these change sharply to much larger tensile stresses 
when the tyre is directly above the point. The reverse pattern is observed as the tyre departs from the 
point of interest. The influence functions for all regions in the interior of the slab are similar to that 
shown in figure 11.1.

-200 -100 0  100 200 

Longitudinal D istança from the Point of Interest (In)

Fig. 11.1 A typical theoretical influence function for longitudinal strain at the bottom surface in the mid-region of a 
slab. From (352].

The influence functions o f points near joints, cracks or free ends can have much different 
characteristics. A typical influence function for a point near a crack or joint is shown in figure 11.2. 
Influence functions of these forms can be used in analysing pavement response due to moving 
dynamic vehicle loads.

-200 -100 0 100 200 
Longitudinal Distance from the Point of Interest (in)

Fig. 11.2 Theoretical influence function for the response at the bottom of the slab near a crack. From [352].
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11.4 COMBINATION OF LOADS WITH INFLUENCE FUNCTIONS

Once the influence functions have been obtained, they are combined with records of the dynamic 
wheel forces generated by the truck, to produce a time history of the pavement response at any point 
of interest in the slab. The process is one in which the influence function is combined with dynamic 
load histories for all wheels of the truck. For every time step the position of each wheel on the road 
surface is determined along with its instantaneous load. The response in the pavement is then 
computed for the loads from all the wheels at their respective positions according to the equation:

Nt
yj(» = t rvM '>• OU)

» = 1

where:
yj(t) is the response at point j at time t, 
fi(t) is the load generated by tyre i at time t,
Nf  is the number of wheels on the truck.

Equation 11.2 is simply a discrete version of equation 10.21, however the influence function at each 
point can be different. (In equation 10.21, the influence function at every point was assumed to be 
the same.)

Repeating the process in equation 11.2 for every time step, as the truck passes in the vicinity of the 
point of interest, produces the stress or strain time history for that point. Note that calculating the 
response in this manner is only valid when the pavement response is proportional to the applied load, 
and it neglects any dependency on inertia or damping of die pavement.

A program was written to perform the combination process for rigid pavements. It is configured to 
accept dynamic wheel loads from any source providing they are in a standard format. Thus, it can be 
used to predict pavement response either from records of wheel loads measured on a truck, or 
calculated from an analytical model of vehicle dynamics, such as those described in Chapters 5 and 
6 .

The combination is performed by selecting a starting point for the truck where the leading tyre is 
sufficiently distant from the point of interest that the influence function is zero.

The truck is moved along the pavement in a series of discrete time steps, and for each step the 
response is computed at the point of interest from the combined influence of all the tyres. The 
procedure is as follows:

(i) find the position of each tyre relative to the point of interest;

(ii) look up the value of the influence function for a unit load at the position of each tyre;

(iii) look up the dynamic load that each tyre is exerting on the road at this instant;

(iv) multiply the influence function for each tyre by the dynamic load to get the component of
pavement response caused by that tyre at the point of interest; and

(v) sum up the responses due to all the tyres.

This sum is the response at the point of interest to all wheels of the truck for the particular lime step. 
To get a complete time history of the response, the computation is repeated for a series of time steps 
selected to be small enough to reflect the variations in dynamic wheel loads and/or the changing 
position of the wheels on the slab. Generally, lime steps corresponding to about 75mm of truck 
movement along the slab are necessary. It should be noted that once the influence functions and 
dynamic loads have been determined, calculation of road response using the method described 
above, can be carried out for the whole slab on a desktop computer very quickly.
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The output of the combination program is a time record of pavement response due to dynamic wheel 
loads. An example of a calculated response derived from measured dynamic wheel loads is shown in 
figure 11.3. It presents the strain response in the longitudinal direction at a point on the bottom 
surface of a 12m x 3.7m x 240mm slab, at a location 8.8m (29 feet) from the upstream end, on the 
nearside edge, when traversed by a 3-axle rigid truck. The first tensile peak is the response when the 
steering axle passes over the point of interest and other two peaks correspond to the two rear axles.

Fig. 11.3 Calculated response on the bottom surface of a 12m x 3.7m x 240mm (40 ft x 12 ft x 9.5 in) slab at a 
location 8.8m (29 ft) from the upstream end, on the nearside edge. From [352].

11.5 H E L D  E X P E R IM E N TS

Experiments were conducted on instrumented rigid pavement sections near Carlyle, Illinois on route 
US 50 using an instrumented track to acquire data for validating both vehicle and pavement models 
[99]. The pavement construction was reinforced Portland Cement Concrete slabs, 12m (40 feet) in 
length, laid on a stabilised sub-base. The test section was a 240mm (9.5 inch) thick slab with a 
100mm (4-inch) sub-base of econocrete. The joints were doweled. The pavement was instrumented 
by the University of Illinois and the Illinois Department of Transportation at the time of construction 
[44], Strain gauges were installed 12mm (0.5 inch) from the top and bottom surfaces of the slab 
according to the layout shown in figure 11.4. Odd numbers correspond to gauges on the top surface 
and even numbers to gauges on the bottom of the slab.

A 3-axle rigid track was provided by the Paccar Technical Center. The axles were instrumented with 
strain gauges and accelerometers for measuring the dynamic forces [99] (see Chapter 7). Static tests, 
and dynamic tests, were conducted on various instrumented test sections, for speeds up to 27 m/s. 
A typical example of measured dynamic wheel forces is shown in figure 11.5.

The University of Illinois provided instrumentation for measuring and recording pavement strains. 
The combined instrumentation systems were configured to record dynamic loads under each of the 
truck wheels simultaneously with the pavement strains, using a common time marker signal to 
synchronise the records and to provide precise measurements of the longitudinal position of the 
vehicle as it passed over the test site. The lateral location of the moving wheels relative to the gauges 
is very important, affecting both the magnitude and shape of the strain histories. Therefore, means
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were provided in the testing to record the lateral position of the truck wheels. An example of the 
measured strain response of gauge 4 is shown in figure 11.6 for a test speed of 22 m/s. As the truck 
front wheel approaches the gauge, a low-level compressive strain builds and then rapidly changes to 
a much larger tensile spike as the wheel moves over the top of the gauge. When the front wheel 
leaves the gauge, the strain returns to compression. The approach of the leading tandem axle adds to 
the compression until the axle arrives at the gauge and again creates a tensile peak. The gap between 
the leading and trailing tandem axles is large enough that the strain can diminish between the axles 
but not revert to compression. The third tensile spike occurs as the trailing axle passes over the 
gauge. As the trailing tandem axle leaves the gauge, the strain reverts to low-level compression, 
diminishing to zero as the truck departs.

40ft

20 ft ■ ■ щ 10.0 a 0.6 ft lte|

Fig. 11.4 Layout of strain gauges on the PCC test section near Carlyle, Illinois. From (352).

11.6 M O D E L V A L ID A T IO N

The dynamic wheel loads generated by the truck were measured concurrently with the pavement 
responses. The response of the road to these measured loads was calculated using the influence 
function method described above. The strains predicted by the pavement model were compared with 
those measured by a number of gauges in the test pavement.

Figure 11.7 compares simulated and measured strains for gauge 4, for one of the tests. As 
evidenced by this graph, very good agreement is possible, particularly in prediction of the shape and 
magnitudes of the tensile strains. To achieve this level of agreement, it is essential to know the 
various pavement parameters (thickness, base stiffness, etc) quite accurately. The main disparities in 
figure 11.7 occur in prediction of the compressive strains, but because they are generally of low level 
and are not damaging to the slab, the agreement here is less critical.

It is important to note that gauge 4 is located in an area of the slab that is distant from any joints or 
cracks. Near a joint or crack the behaviour of pavement may be markedly different, depending on 
the load transfer across the discontinuity. If the load transfer characteristics are very good the 
response in that region will be similar to that of a continuous pavement. If the load transfer is poor, 
then strain reversals can occur. The test slab had a full-depth transverse crack 750 mm (2.5 ft) 
ahead of gauge 1, due to shrinkage early in the life of the pavement. To model the crack an 
additional weak joint was introduced in the finite element model at that location in the slab. (The 
geometry of the slab, crack and gauges is shown in figure 11.4.) The measured and calculated 
response of gauge 1 for a vehicle travelling at 2 m/s (5 mph) is shown in figure 11.8.
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Fig. 11.5 Measured dynamic wheel forces on the nearside wheels of the three-axle test vehicle, speed = 22 m/s 
(50m ph). From [352J.
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Fig. 11.6 Measured response of strain gauge 4, speed = 22 m/s (50 mph). From [352].

Prior to the front wheel of the truck crossing the crack, gauge 1 experiences only a low level of 
tensile strain due to the poor load transfer across the crack (presumably caused by aggregate interlock
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and/or some continuity in the reinforcing mat). As the axle advances across the crack the gauge 
immediately experiences a large tensile strain, which changes to compression as the wheel reaches 
the gauge. On its departure the strain relaxes again to approximately zero.

0 2 A .6 .8 1 1.2

Time (sec)

Fig. И.7 Comparison between measured and calculated responses of gauge 4, speed = 22 m/s. From [352].
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Fig. 11.8 Comparison between measured and calculated responses of gauge 1 (near crack), speed = 2m/s(5 mph).
From [352].

This pattern is repeated approximately 3 seconds later when the leading tandem axle crosses the 
crack. Initially, the gauge goes into tension, which changes quickly to compression as the axle 
passes across the gauge. The reduction of the compressive strain as the axle leaves the gauge is 
accelerated by the approaching load of the trailing tandem axle, 1.2m (50 inches) behind the leading 
axle. When the trailing axle crosses the crack its response is superimposed on that of the previous
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axles. The prediction of the compressive strain as the leading tandem axle crosses the gauge is not 
very accurate, the error most probably being due to the uncertainty about load transfer properties of 
the crack. The prediction of strain under the influence of the trailing axle is more accurate for this 
portion of the cycle because there is no longer any load on the upstream side of the crack, and 
therefore no significant load transfer effect to be taken into account. After all axles have passed the 
gauge the strain returns to compression and then relaxes to zero in a fairly predictable fashion.

The effectiveness of the load transfer across a crack has a strong influence on the strain cycles 
produced in the slab in the vicinity of the crack. Figure 11.9 shows how the predicted strain history 
at the gauge 1 position varies with the effectiveness of the load transfer. With full load transfer (no 
crack) the top surface experiences a low-level tension broken by compressive strain peaks as the 
wheels pass over the point of interest. In the case of no load transfer, large tensile strains are 
experienced as each wheel traverses the crack. For intermediate levels o f load transfer, an 
intermediate response is obtained.

0 2 4 6 e 10

Time (sec)

Fig. 11.9 Effect of load transfer at a crack on theoretical strain cycles at the top surface. From [352].

The measured response shown in figure 11.8 presents one example of how the test pavement 
behaved at gauge 1 under loading from the truck, but by and large, the load transfer obtained at the 
crack was not consistent from test to test. Figure 11.10 presents the results from gauge 1 for three 
repeat tests at a nominal speed of 2 m/s (5 mph) on the site. The major features in the strain cycles 
are repeatable. However, the strains in the region A of figure 11.10 (when the leading tandem axle 
approached the crack) are quite variable. Comparing the measured response to the predictions in 
figure 11.9, it would appear that the effectiveness of the load transfer varied significantly between 
tests -  in one case behaving similar to the full load transfer case, and in another approaching the no- 
load transfer case. Examination of the dynamic wheel load records indicated that this marked 
variation from test to test was not due to variations in the dynamic loads on the axles of the truck, 
which were quite repeatable. The fact that the strain varied considerably in this region in the course 
o f individual tests, leads to the conclusion that the load transfer mechanism is not consistent. Such 
behaviour may be expected from a nonlinearity which is heavily dependent on friction and/or the 
loading history.

Testing at different speeds revealed an additional phenomenon in the pavement. As the test speed 
increased, ever greater levels of tensile strain were observed with the approach of the leading tandem
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axle. Figure 11.11 contains example strain records from gauge I at five speeds for this lest section. 
The most remarkable observation is the very high level of tensile strain experienced as the leading 
tandem approached the crack at high speed. The tensile strain of 15 (p in/in) seen at 2 m/s (5 mph) 
is indicative of the strain from the weight of (he leading tandem axle as it mounts the cantilevered end 
of the slab. At 22 m/s (60 mph), the tensile cycle reaches more than twice that amplitude. 
Examination of the axle load records for the truck showed only moderate dynamic variations: not 
nearly large enough to account for doubling of the strain. Therefore, this ef fect must be attributed to 
a phenomenon in the pavement.

Fig. 11.10 Variations in strain histories in repeat tests, gauge 1, 2 m/s (5 mph). From [352].

Comparison of the maximum tensile strains at the bottom of the slab (as shown in figure 11.6) and 
tensile strain at the top of the slab near the crack (as shown in figure 11.11) reveals that the top 
surface strains can be 70% higher. Simulations with the pavement model indicate that even larger 
tensile strains can occur on the top of the slab at a distance of 1.2m (5 feet) from the crack. Although 
traditional analyses assume that the primary failure mode for rigid pavements arises from cracks 
starting at the bottom of the slab due to the tension of flexural loading, the observations made here 
indicate that larger tensile strains can occur on the top surface if a shrinkage crack forms. These 
same mechanisms would be at work when a joint loses its strength. In either case, a secondary crack 
is likely to initiate on the top surface some distance from the discontinuity.

In general the experimental data does not show the pavement response to increase with travel speed 
of the truck in regions distant from the crack. Figure 11.12 compares the strain measured on gauge 4 
at 2 m/s and 22 m/s (5 and 60 mph). The reduction in the magnitude of the strain peaks under the 
first and last axles is not explained by changes in dynamic axle loads or by lateral tracking errors. 
This was established by computing the pavement response for the measured wheel loads and 
comparing them to the measured response at each speed, using only tests in which the wheel tracks 
passed within 50 mm of the strain gauge location. Figure 11.13 shows the ratio of measured to 
predicted strain at gauge 4 as a function of speed. While there is scatter in the data, a significant 
trend with speed is apparent. The response appears to increase slightly at low speeds and to decrease 
at higher speeds. Speed dependence has been observed in other experimental studies, particularly for 
flexible pavements [94], although the initial increase with speed observed here is unusual. In figure 
11.13, the speed dependence is thought to be caused by dynamic motion of the slab due to its
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significant mass (which is the same order of magnitude as the truck) and damping in the foundation. 
These characteristics were not included in the finite element model.

While this data is not conclusive, it is included here to show the contrast with pavement behaviour 
near a crack, and to illustrate that under some conditions rigid pavement response in interior regions 
o f the slab can diminish with increased truck travel speed.
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Fig. 11.11 Variation in strain histories as a function of vehicle speed in repeat tests at gauge 1. From [352].
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Fig. 11.12 Comparison of measured response at 5 and 60 mph, gauge 4. From [352].
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Fig. 11.13 The effect of speed on normalised pavement response. From [352].

11.7 CONCLUSIONS

(i)

(ii)

(iii)

(iv)

A method has been developed for calculating the time history of the response of a rigid 
pavement to moving dynamic loads of trucks. The method was validated with a program of 
experimental measurements and has provided new insights into rigid pavement behaviour.

It has been shown that typical finite element models of rigid pavements, such as 1LLI-SLAB, 
are capable of predicting responses to static loads when pavement properties are known. 
Coupling these models with programs that allow computation of strain time histories at a 
point in the pavement provides a new and powerful tool for investigating truck/pavement 
interaction.

Experimental measurements of strains induced by truck wheel loading show large tensile 
strains on the top surface of the slab associated with the wheels traversing a crack. This 
mechanism would encourage development of secondary cracks in the top surface a short 
distance from the location of a shrinkage crack. The theoretical pavement models can predict 
the qualitative behaviour of response in the vicinity of a crack, but arc limited by the 
uncertainty and variability of the load transfer properties of the crack.

The experimental data gives some evidence that strains in the interior region of a slab may 
diminish with increasing speed of travel, but may increase with speed in the vicinity of the 
crack. The existing pavement structural models are not able to predict this speed dependent 
behaviour. It is thought that dynamic models may be needed to achieve such detailed level of 
agreement.
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12.1 SUMMARY

A calculation procedure is developed for predicting the dynamic response of a bridge to a given set of 
vehicle wheel loads. The method involves convolution of the vehicle loads with modal responses of 
the bridge. The convolution integral is solved by transformation to the frequency domain using the 
fast Fourier transform. The method is then extended by an iterative procedure to include dynamic 
interaction between the bridge and an arbitrary mathematical model of a vehicle. Examples are 
presented to illustrate the effectiveness of the convolution method, and to demonstrate the 
convergence of the iterative procedure.

Experimental measurements on a highway bridge are presented and used to validate the calculation 
method. The modal properties of the bridge were measured by impulse tests with an instrumented 
hammer and compared with simple mathematical models. Single vehicle tests, in which the dynamic 
wheel loads and dynamic response of the bridge were measured simultaneously, are discussed. The 
measured dynamic wheel loads were convolved with the measured modal properties of the bridge 
and the predicted responses are compared with the measured responses. Good agreement is found.

This chapter is based on work previously published in [205].

12.2 INTRODUCTION

Highway bridges serve a vital role in transportation systems. In a typical journey, a heavy goods 
vehicle crosses dozens of bridges. During each bridge crossing, it applies dynamic wheel loads 
which cause the bridge to vibrate. The repeated application of these loads can lead to deterioration 
and a resulting reduction in the service life of the bridge.

In recent years, heavy vehicles have become larger and have increased in number. At the same time, 
new materials and improved design methods have resulted in lighter and more flexible bridges. 
Therefore, highway bridges are increasingly susceptible to vibration. Short-span highway bridges 
typically have natural frequencies in the same range as those of heavy vehicles. Excitation of one 
system by the other is significant Bridge damping is low (approximately 2 percent of critical in the 
first bending mode [387, 462]) and does not significantly reduce the vibrations caused by the 
bridge-vehicle interaction.

Notwithstanding the importance of vehicle-induced bridge dynamics, major bridge failures are not 
normally caused by dynamic wheel loads [33]. The wheel loads cause more subtle problems and 
contribute to fatigue, surface wear, and cracking of concrete which leads to corrosion. Thus 
dynamic loads continually degrade bridges, and increase the necessity of regular maintenance.

Maintenance costs for highway bridges are high. In the UK for instance, £20 million is spent each 
year keeping the network of concrete bridges serviceable [300]. It is not known what portion of 
bridge damage is caused by heavy vehicle loads because the dynamic response of bridges to heavy 
vehicle loads is not adequately understood. Nevertheless, even if only a small percentage of the 
damage arises from bridge vibrations, then this accounts for significant expenditure.
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A better understanding of the dynamics of the bridge-vehicle system is necessary in order to build 
bridges to resist vibrations, to design better vehicles to reduce bridge damage, and/or to regulate 
vehicle loads and suspensions.

This chapter presents a frequency domain calculation procedure (using the Hist Fourier transform) to 
compute the dynamic response of a bridge to arbitrary wheel loads. The method is based on a 
convolution formulation of the equation of motion. The convolution integral is expressed in terms of 
the modal responses of the bridge, and therefore can be used with any bridge as long as the modal 
properties are known. A significant advantage of the method is that it can be validated experimentally 
provided the dynamic loads applied by the test vehicle are measured. A full-scale validation study is 
presented.

12.3 C A LC U LA TIN G  BRIDGE RESPONSE TO VEHICLE LOADS

12.3.1 Equation o f Motion and Modal Decoupling

A relatively general formulation of the equation of motion for vehicle-induced bridge vibration will 
be considered here. Assuming viscous damping, linear elasticity, small deflections, and neglecting 
the effects of shear deformation and rotary inertia, the equation of motion for a typical bridge can be 
written in the following form [354]

m(x)|^(x,t) + c |^ (x ,t)j  + L{y(x,t)} = f(x.t) (12.1)

where

and

L is a self-adjoint linear differential operator with respect to the spatial variables, 
x is a two dimensional position vector,
t is time,
m(x) is the mass per unit surface area, 
y(x,t) is the vertical deflection of the bridge,
C is a viscous damping operator with respect to the spatial variables, 
f(x,t) is the force exerted by the vehicle on the bridge.

It can be shown [354] that the response of a system governed by equation 12.1, to an input ,Jïxf ,t), 
applied at a specified position on the bridge Xf is given by the convolution integral

y (x ,t)  =  J w h (x ,x f , t - r ) f ( x f ,T )dr, ( 12.2)

where h(x, xf ,t) is the impulse response function at position x  for an impulse applied at xf.

Equation 12.1 may therefore be solved using equation 12.2, by determining the appropriate impulse 
response function. The impulse response function can be related to the modal responses by 
expressing the deflection, y(x, t), in terms of normal mode functions, ф(п)(дг), as follows

y(x.t) = 5 > (n)(x)q»(l) (12.3)
n=l

where
n is the mode number,
ф(в)(х) are the mass normalised mode shapes corresponding to the undamped case, 

and qn(t) is the response of the n,h normal coordinate.

If the damping operator, C, satisfies certain orthogonality conditions (see the Appendix to [205]) 
then the modes can be uncoupled. Substituting the modal expansion (equation 12.3) into equation
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12.1, multiplying by фмУдг>. integrating over the surface of the bridge» and applying the 
orthogonality condition!» gives the normal coordinate equation

- Д ч о  + 2 ;<nltü(n,^ ( 0  + ш<п,’ч„(0 » Q„(t), n = 1.2.3.....-  (12.4)
d r  dt

where
ш'м) is the n* undamped natural frequency» 

is the n* modal damping ratio, 
and Q,(t) is the generalised force given by

Qn«) = JR4>‘nW (x .t)d x  (12.5)

where A? is the surface area of the bridge.

Equation 12.4 describes the response of the system in mode n. For each mode, the modal impulse 
response function, h.(t), can be determined by setting Q^t) = 6(t) where 6(t) is the Dirac delta 
function. Solving the differential equation results in a special case of qe(t), namely hft(t), which is 
expressed as follows

MO - „ ( 0 )
t 2 0

where Мц1’ is (he n* damped natural frequency such that

û)<d" >  =

( 12.6)

(12.7)

and ÇB> < 1.

The impulse response function for the bridge can be shown to be a combination of mode shapes with 
the normal coordinate impulse response functions h^t) (see [204] for details):

h(x,xf ,t) = f > (B,(x) Vn,(xf) h„(t). (12.8)
D~1

Up to this point it has been assumed that loads are applied to the bridge at only one position. This is 
obviously not the case for a moving vehicle» but the formulation can be extended to moving loads. 
The forcing function for a vehicle with N, tyres can be described in terms of the dynamic wheel 
loads, P,(t),

N.
f(xf ,l) = -£ S (* f-* K O )P /(t)  (12.9)

l-l

where x/(0 is the position of the f* force (see figure 12.1). If x, is allowed to vary over the 
surface of the bridge to include all possible locations of wheel loads, then the forcing function will be 
zero except at the positions of the wheels (ie when xr = X/(t)) where it is equal to the instantaneous 
value of the wheel loads, P/(t). The negative sign is included in equation 12.9 because 
displacements and forces are assumed to be positive upwards for both the bridge and vehicle 
systems.
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Fig. J2.1 Loads moving across a bridge. From [205].

Substituting equations 12.8 and 12.9 into the convolution integral (equation 12.2], and replacing x, 
with X/ fo r/ = l,2,...tN, gives:

N, «
y(*.t) = - I  X4>(n,( * ; £ >hn( t - t ) g (n-"(T)clT. (12.10)

/=| n=l

where

g(n 0 (T) =  (X/(T)) P/(T).

With the general equations of motion in this convolution format, the bridge vibration problem 
(equation 12.1) can be solved by evaluating the convolution integral in cither the time or frequency 
domains. For this study, a frequency domain method was chosen and the solution procedure is 
outlined in the next section.

12.3.2 Solution in the Frequency Domain

The Fourier transform of the bridge response, Y(x,(o) at frequency d), is defined as (354, 355]:

Y(x.o>) = - U "  y(x,0e'i<o,dt. (12.11)
2Tt “*

Substituting the convolution (equation 12.10) into the Fourier integral (equation 12.11) gives

Y(«.e>)=-i Г Г M t- T ) g (,,- 'W ~ ,<ü'dTdt. (12.12)
/=1 n=l £1'

Putting t = p+T and rearranging gives:

Y(x.to) = - £  £ < f(n)( x ) ^ £ oJ ^ h n(P)g‘n "(T )e-i“ (p+,)dtdp
/=1 n=l

= " I  £ ф (п)( х { Л ь „ ( Р ) e- iw,1d p e - ^ d x ]

or

Y(x,o>) = £  £ ф (п*(х) Нп(ш)G(n,)(co)
/=t n=l

112.13)
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where Ha(©) is the nA modal frequency response function* which can be shown to be:

Hn(c»)
__________1__________

a>(n) -  (d^ + 2i(^nW n^©
(12.14)

and G(“n(©) is the Fourier transform of g(e,/)(t). This calculation of Y(x,©) simply requires 
multiplication of the appropriate terms of §w(x), Ha(©), and G(B,,)(©).

Once Y{xtœ) is computed in the frequency domain, the inverse Fourier transform can be used to 
recover the time domain solution. The inverse Fourier transform is defined as follows [354,355]:

y(x,t) s  Y(x,©)e1<otdt. (12.15)

1233 Computer Implementation

To solve these equations by computer, the discrete Fourier transform can be used to approximate the 
continuous Fourier transform. The first step is to compute the transform of g(B,Z)(t). The function is 
sampled to obtain N equally spaced values, where

g(bl) _ г<“Л (гд) r = 0,1,2......N - l  (12.16)

and Л is the sampling time step. The discrete Fourier transfomi is then applied to the g, array as 
follows [354, 355]:

. N -l
G M  = l ^ g ^ e  N '  k = 0,1,2.... N -l (12.17)

N r=0

A discrete version of Y(x ,©) at a particular location x is then given by 

N, «

Yk(«) = - X  X*>(B)<*>Hn(k®)G<k,'). k = 0,1,2......N - l  (12.18)
1=1 n=l

where © is the frequency resolution. Finally, the solution is recovered with the inverse discrete 
Fourier transform given by [354,355]

N -l
УгОО =  X  Yk(*)e

г=0
Л  N ) r = 0.1.2.....N - l (12.19)

where yr(x) = y(x, гА).

In order to implement the discrete transforms in the convolution calculation, the time record must be 
long enough to obtain the required frequency resolution, ©, where [355]

ш = —  (12.20)
T

and T is the length of the time record such that T = NA.

In addition, A must be small enough to avoid aliasing of high frequency components into the low 
frequency range of the transform [355]. Aliasing is prevented by ensuring that the maximum 
frequency present in the signal is smaller than the Nyquist frequency:

Nyquist frequency = — Hz. (12.21)
2A

Finally, allowance must be made for the fact that the convolution defined by the discrete Fourier 
transform is ’circular' [355], The circularity of the discrete transform means that all the time records 
in the convolution repeat themselves with period T (when they are, in fact, not periodic). It can be
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shown [440] that the differences between circular and linear convolutions can be eliminated by 
choosing T such that

T ^ + TVp (12.22)

where Th and Tvp are the lengths of the non-zero portions of the time records of the impulse 
response function and the vehicle force input, respectively.

To satisfy all these criteria, the time record must be significantly longer than the vehicle crossing 
time, Typ.

12.3.4 Treatment o f Dynamic Bridge-Vehicle Interaction

The convolution method presented in the preceding sections includes no specific reference to the 
interaction between vehicles and bridges, as shown in figure 9.3. This section describes a procedure 
for combining mathematical vehicle models with bridge dynamics.

For the purposes of this study, the bridge-vehicle interaction was incorporated iteratively. The 
procedure was as follows:

(i)

(ii)

(iii)

(iv)

An initial set of vehicle wheel loads was obtained by calculating the vehicle response to a 
specified bridge surface profile. These loads were used as input to the bridge calculation 
program.

The displacement response of the bridge was calculated under each tyre of the vehicle in a 
coordinate frame moving with the vehicle (ie y(xXt).t)). Note that the displacement response 
in the moving reference frame is essentially only a function of time.

The bridge displacement response was added to the surface profile and their sum was used 
as the new input to the vehicle model. New wheel loads were then predicted.

The displacement response y(x,(t),t) from the loads in (iii) was computed by the procedure 
of (ii). In order to facilitate convergence, successive displacement responses were averaged

yj(0 =
y(X/(t),t)+ yj.!(t) 

2
(12.23)

(v)

where is the f h estimate of the bridge displacement in the moving reference frame.

Steps (iii) and (iv) were repealed until convergence was obtained. Convergence was deemed 
to have occurred when the following criterion was satisfied:

/
max

V

|y(x)(t),t)-yj.|(t)|
|y(x,(t).t)|

\

/
<, Tolerance, for 0< t£T yp. (12.24)

where 7*v is the time for the vehicle to pass completely over the bridge.

Similar iterative methods have been used by other authors. In fact, Hawk and Ghali [228] outlined 
an almost identical convergence procedure which they termed the 'iterative dynamic sub-structuring 
method (IDSM)'. They compared their method with solutions obtained by Runge-Kutta Nystrom 
numerical integration and found good agreement. Nevertheless, the method is not guaranteed to 
converge. Convergence was not found to be a problem, except for vehicles with large wheel forces 
at frequencies greater than about 10Hz. Since a large proportion of all vehicles generate dynamic 
wheel loads with energy concentrated in the 1.5*4.5 Hz frequency range (Chapter 7) this limitation 
was not considered to be serious.
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12.4 EXAMPLES

In order to demonstrate the effectiveness of the convolution method, some example calculations will 
be presented here and compared with known analytical solutions for simple cases.

12.4.1 Bridge Model

The bridge is idealised as a simply supported beam. The equation of motion for free vibrations of a 
Bemoulli-Euler beam with light viscous damping is

n » 0 (x .D  + c | ^ ( x , t ) |  + E I 0 ( X , 1 )  = 0 (12.25)

where
m is the mass per unit length of the beam,
C is the damping operator, 
x  is the position along the length of the beam,
E is the Young's modulus of the material, 

and 7 is the second moment of area of the cross-section.

Following the method described in Section 12.3, the solution to equation 12.25 can be written as a 
modal expansion (equation 12.3). The undamped mode shapes, as required for equation 12.3, are 
obtained by ignoring the (small) damping term in equation 12.25. Substituting the modal expansion 
into equation 12.25 and separating variables results in the following modal differential equation:

rf4A(n) . , .
^ 2- ( x ) - k ; y n)(x) = 0 (12.26)

dx

which has well known solutions of the form

v n,(x) = Cjn)cos(kI1x) + d jn)cosh(kBx) + cS,n)sin(k„x) + C^n)sinh(knx) ( 12.27)

where C,(B\  C2(e), C3(“\  C4W, and k„ are constants dependent upon the boundary conditions. Once 
these constants are determined, the natural frequencies can be calculated from

(12.28)

For simply-supported boundary conditions, the mode shapes are given by:

Л)=& ( т )
where L is the length of the beam. The natural frequencies can easily be shown to be

(12.29)

(12.30)

The parameters describing the bridge were based on measurements of the Pirton Lane highway 
bridge in Gloucester by Eyre et al [174], Leonard [301], and Wills [496]. They reported the bridge 
to be simply-supported with a length of 40 metres, and a first natural frequency of 3.2Hz with a 
modal damping ratio of 0.02. The mass per unit length was estimated from drawings in the papers 
as 12000 kg/m. Three modes were used in the analysis, and the natural frequencies of the second 
and third modes were calculated from equation 12.30. The modal damping ratio was assumed to be 
0.02 for the first two modes. For the third mode it was chosen to satisfy the orthogonality 
conditions (see Appendix of [205]), The modal information is summarised in Table 12.1.
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D Mode Number Natural Frequency 
cu'"' (rad/s)

Damping Ratio, Ç<0)

. . . »
20.0 0.02

2 80.0 0.02

1______ 2______ 180.0 0.04

Table 12.1 Modal information for Pirton Lane bridge 

J2.4.2 Computational Considerations

To illustrate the computational considerations associated with the convolution calculation, suppose 
that the bridge is traversed by a vehicle of length 10m at 25m/s, giving Tvp = 2.0 seconds. If A is 
chosen to be 0.01 seconds, then the Nyquist frequency is 50Hz (314rad/s). With this Nyquist 
frequency, the first three bridge modes can be included because the third natural frequency is at 27Hz 
(180rad/s). Vehicle vibration is usually below 20Hz, so the 50Hz Nyquist frequency is quite 
adequate.

Using 0)(,) and Ç(,) from Table 12.1, the impulse response for the first mode has the form:
.-0.3771

hl(t) = -sin(18.8t). (12.31)
I 0.0

The impulse response never completely dies away, but for computational purposes it can be ignored 
when the amplitude is below 0.1% of the initial amplitude. With this definition, Th is equal to 18.3 
seconds, while Tvp is 2.0 seconds. Therefore the time record should be chosen to be greater than
20.3 seconds. With A = 0.01 seconds, at least 2030 points are required. For efficiency in 
computing the discrete Fourier transform, the number of points should be a power of 2 and so 2048 
is selected. Finally, the frequency resolution is computed from equation 12.20 as 0.05Hz. This is 
more than adequate to resolve (he frequencies of interest.

To compare the efficiency of frequency and time domain methods, suppose that for the preceding 
example a time history of total length 4 seconds (400 points) was required. To evaluate the 
convolution integral in the time domain requires 160000 (4002) multiplications. On the other hand, 
the fast Fourier transform algorithm requires N log2(N) multiplications [355] to compute each 
transform. The frequency domain method includes two transform calculations and one N point 
multiplication giving a total of N + N !og2(N) multiplications. For 2048 points, only 24576 
multiplications are required making the frequency domain method about 7 limes faster than a time 
domain convolution. Further time savings can be achieved if Tvp is about the same length as 7/,.

J2.4.3 Results for Specified Moving Forces

Three different types of moving point loads are considered in the following: a constant force, a 
sinusoidally varying force, and a linearly increasing force. On each of figures 12.2 to 12.4, two 
curves are drawn. One is for the solution obtained by the method described in this chapter and 
designated as the 'calculated' solution. The second curve is produced by using closed-form 
solutions for these special cases, as derived by Fryba [185].

Figure 12.2 shows the effect of speed on the midspan deflection of the bridge due to a constant 
force. The closed-form solutions are only defined for the time the force is on the bridge, and are set 
to zero otherwise. The dynamic deflection increases as the speed of the force increases. Calculated 
and closed-form curves agree closely.

The response of the beam to a moving sinusoidally varying force at three frequencies (Q= 10, 20, 
30 rad/s) is presented in figure 12.3, while figure 12.4 contains the response of the beam to a linearly 
increasing force. In both cases, deflection is plotted at midspan and the velocity is 25m/s. Once 
again, the calculated solutions compare well with the closed-form solutions.
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(b) Speed = 50 m/s.

Fig. 12.2 Midspan bridge deflection for two speeds. Single constant force, P = 392 kN. From [205]. 
.............= Calculated, .............= Closed-form solution [185]
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F‘g. 12.3 Midspan bridge deflection (Speed = 25 m/s). Single sinusoid* force. 
..............-Calculated. .............-Closed-formsolution 1185)

s  392 sin(ftt) kN From (205)
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Fig. 12.4 Midspan bridge deflection (Speed = 25 m/s). Linearly increasing force, P = 392Vt/L kN, From [205]. 
...............  Calculated,...........* Qosed-farm solution (185).

12.4.4 Vehicle Models

Two different vehicle models were selected to test the convergence of the iterative procedure. The 
first was a *1/4 car’ model with two degrees of freedom as shown in figure 5.1a. The parameters 
used were for a highly idealised 40 tonne vehicle (mu = 4000 kg, ms = 36000kg, kt = 72MNm~ \  
ks = 18 MNm ' i Cts  1.4 M N s m c s = 1.4MNsm*‘). The natural motion (eigenvalues and 
eigenvectors) of the vehicle model are shown in Table 12.2.

Frequency Damping Mode shape
d)v(1,= 20rad/$ =  o.o7 bouncing of sprung mass
û>v(2) = 150 rad/s ; v<:) = 0.24 axle hop

Table 12.2 Modal analysis of the 1/4-car 2-DOF vehicle model.
<ûvü) is the/* natural frequency of the vehicle, and is the/* modal damping ratio of the vehicle.

For the second convergence test a two-axle vehicle model was used. Figure 12.5 is a schematic 
diagram of the model. It had four degrees of freedom: two tyre displacements, sprung mass 
displacement, and sprung mass pitch rotation. The corresponding natural frequencies and damping 
ratios are shown in Table 12.3.

Frequency Damping Mode shape

(i)v0)= 10 rad/s Ç,1" = 0.03 pitching of sprung mass
cov(2) = 20 rad/s C,(J| = 0.07 bouncing of sprung mass
(0V<,) = 150 rad/s Ç,<3> = 0.24 axle hop
cov(4) = 150 rad/s Ç,141 = 0.24 axle hop

Table 12.3 Modal analysis of the 2-axle, 4-DOF, T/2-car' vehicle model.
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Fig. 12.5 Two-axle (4 degree of freedom, ’1/2 car’) vehicle model. (mt = 2000 kg; ms = 36000 kg;
Is = 144xl03 kgm2; a = 1.0 m ; lq = 36MNm ', ks = 9MNm‘*, ct = cs = OTMNsm1) From [205].

12.4.5 Dynamic Bridge-Vehicle Interaction

The results of the iterative calculation are shown in figures 12.6 to 12.8. Figure 12.6 shows the Final 
three iterations and illustrates the convergence of the method. Two curves are shown on each plot of 
figures 12.7 and 12.8. The first curve is the predicted bridge response from equivalent static loads 
moving over the bridge. The other curve is the result when the bridge and vehicle models are 
combined at the specified speeds. In figure 12.7» results are shown for speeds of 25m/s and 50m/s 
while in figure 12.8 only curves corresponding to 50m/s are shown (50m/s is an unrealistically high 
speed for a heavy vehicle, but was chosen as an extreme condition to test convergence of the 
method). The tolerance on convergence in all cases was 1% and the number of iterations required to 
achieve this tolerance is shown in Table 12.4. It is evident that the iterative method works well and 
does not require excessive computation time.

f  Vehicle Mode! Speed (m/s) Iterations 1
|  1/4 car 25 5 1
I 1/4 car 50 4 1
|  1/2 car 50 4 |

Table 12.4 Number of iterations

12.5 INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

In addition to theoretical examples, the calculation method was verified with experiments on full- 
scale bridges. The validation procedure consisted of four main steps. The first step was 
measurement of the transfer functions and mode shapes of the bridge. Step two consisted of single 
vehicle tests in which dynamic wheel forces and bridge responses were measured simultaneously. In 
step three, the measured dynamic wheel forces were combined with the modal properties of the 
bridge to predict bridge responses. Finally, in step 4, these predicted responses were compared with 
the measured bridge responses to validate the model.

Two complete model validations were performed, on two different short-span highway bridges in the 
UK. The tests are described in detail in reference [204]. Results for one of the bridges only will be 
presented here.
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Fig. 12.6 Midspan bridge deflection,'1/4 car* (Speed = 25 m/s) From [205].
------------ -- Iteration 3, ...............= Iteration 4, ............... = Iteration 5

/2.5. 1 Lower Earley Bridge

A two lane highway bridge over the River Lodden at Lower Earley in Berkshire, England was 
selected for testing. The Lower Earley bridge (see figure 12.9) consists of a concrete slab supported 
by inverted T-beams. The beams are simply supported, but the slab and reinforced concrete 
diaphragms provide continuity over all three spans.

12.5.2 Instrumentation

Four accelerometers were attached to the underside of the bridge at the positions indicated in figure 
12.10 and Table 12.5. A digital data logger was used to record data at a sampling rate of 500Hz. 
Anti-aliasing filters were set to a cut-off frequency of 150Hz.

Position Number Location

1 midspan, centre-line
2 1/3 point of span, centre-line
3 1/4 point of span, centre-line
4 midspan, offset

Table 12.5 Accelerometer positions on the Lower Earley bridge.

For the modal tests, excitation was applied with an instrumented hammer consisting of a 20kg mass 
with a slender 2m long arm of mass 3kg. A force transducer on the hammer face measured the force 
applied to the bridge. An accelerometer on the back of the hammer was used to correct the measured 
force for the inertia of the hammer components located between the plane of force transducer 
measurement and the bridge surface.

An instrumented, four-axle, 32.5 tonne, articulated vehicle was provided by the Transportation 
Research Laboratory (TRL). This vehicle was very similar to the one described in Chapter 6.4. The 
instrumentation consisted of strain gauges and accelerometers mounted on each axle to measure 
dynamic wheel loads. The lest vehicle had a two-axle tractor with leaf springs on the steering axle 
and air springs on the drive axle; and a two-axle semi-trailer with tandem ’four spring' leaf spring
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suspension. The vehicle data was logged by a data logger carried on the vehicle. Deuils of this 
measurement system can be found in references [113,337].

Fig. 12.7 Midspan bridge deflection versus time. From [205].
........... ...  Single constant force,................ '1/4 car’ vehicle model

12.5.3 Experimental Procedure

In order to determine the mode shapes of the bridge, a series of impulse tests was conducted. Two 
parallel lines, along the wheel tracks of the test vehicles, were marked on the bridge. The hammer 
was dropped five times at each of 54 different hammer positions as shown in Figure 12.10. Fifteen 
impulse positions were chosen along each wheel path of the northern span and tests were also 
performed on the other two spans.
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Linearity of the dynamic responses of the bridge was checked by dropping the hammer from three 
different heights. The bridge exhibited linear behaviour over this testing range [204]. Repeatability 
was confirmed by dropping the hammer several times at one position.

Fig. 12.8 Midspan bridge deflection (Speed = SOra/s) From 1205].
...........=» Two constant forces,.............. ... '1/2 car’ vehicle model

(t) Sidedcvation AH dimensions in me I res

fig. 12.9 Details of the Lower Earley bridge From [205].

The second phase of the experiments involved measuring the dynamic response of the bridge to the 
passage of the instrumented vehicle. The bridge instrumentation was set up in the modal testing 
configuration. In addition, a reflector and light beam set was erected at each end of the bridge. 
When the vehicle passed the light beam, a reflector on the vehicle caused a pulse to be sent to the
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roadside data logger. At the same time, a light beam from the vehicle hit the roadside reflector 
sending a signal to the vehicle instrumentation. This enabled synchronisation of the data logger on 
the vehicle with that by the roadside.

The test vehicle was driven over the bridge in both directions at speeds of 15, 30, 50, 55, and 
65km/h. Two runs were made at each speed in each direction. The maximum speed was limited to 
65km/h by the length of the approach to the bridge.
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Fig. 12.10 Plan of Lower Earley bridge From [205].

12.6 MODAL ANALYSIS: EXPERIMENT AND THEORY

12.6.1 Transfer Functions

The first stage in the extraction of the modal parameters from the impulse tests was the calculation of 
transfer functions (frequency response functions). The tests at each hammer position generated four 
averaged transfer functions: one for each accelerometer position. The procedure for calculating 
transfer functions involved dividing the discrete Fourier transform (DFT) of the accelerometer 
outputs by the DFT of the hammer force, and averaging the results over five hammer drops. The 
details of the procedure are provided in [204).

Figure 12.11 shows the magnitude and phase of the transfer functions calculated from an impulse 
applied at the middle of the instrumented span. In the region below 20Hz, there are 4 obvious peaks 
in the responses along the centre-line of the bridge at 5.7 Hz, 9.7 Hz, 11.3 Hz, and 18.0 Hz 
(figure 12.11a,b,c). Examination of the transfer function corresponding to the off-centre 
accelerometer (figure 12.1 Id) indicates peaks at 6.9 Hz, 7.4 Hz, and 13.3 Hz which are not 
evident in the other accelerometer traces.
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/2.6.2 Extraction of Modal Parameters

In order to extract the modal parameters from the transfer functions, the circle fitting modal analysis 
technique described by Ewins [173] was employed. The circle fit is performed by plotting the real 
and imaginary parts of the mobility transfer function (velocity frequency response) against each other 
in the Argand plane. According to theory, the data will trace a circular arc near resonance, so a circle 
is fitted to these points. The location of the natural frequency, f m, is determined by finding the 
position at which the ’sweep rate' of the circle is maximum. Damping estimates are then obtained by 
considering the spacing of the data points. The complex modal constant, A ^ \  is defined as follows

Ajk*= ♦(n)(*j) ♦(l>)(*k) 02.32)

where ф(п,(х;) is the mode shape value at the position of the impulse, xJy and ф(e)(jrJ is the mode 
shape value at the measurement position, xk. The magnitude of the modal constant, m  is 
determined from the diameter of the modal circle. The inclination of the radial line passing through 
the natural frequency position defines the phase angle, Z A ^ .  For mobility plots, a horizontal 
natural frequency radial line indicates zero phase. If the phase of the modal constants is zero for all 
impulse locations, then the mode is real. More details regarding the modal analysis can be found in 
[173, 204].

Figure 12.12 shows an example of the circle fitting procedure for mode number 4 ( fe = 9.7Hz). 
The circle corresponds to measurements made with the hammer at midspan and the response 
measured at the midspan accelerometer (number 1). For this circle and most other cases, the radial 
line representing the natural frequency was almost horizontal. Therefore, all of the modes were 
assumed to be real.

A total of eight modes was identified from the modal analysis; six of them were present on all of the 
transfer functions but two (modes 3 and 6 - see Table 12.6) were only identified on the transfer 
functions measured by the off-centre accelerometer. The second and third columns of Table 12.6 
contain averaged values of measured natural frequencies and damping ratios for all eight modes.

To check the accuracy of the modal analysis, the extracted modal parameters can be used to 
regenerate a transfer function which can be compared with the original measurement [173, 204]. 
Figure 12.11 also illustrates the transfer functions regenerated from the modal parameters measured 
at midspan. Below 20Hz, the fit is very good except for the region between 12 and 17Hz. The 
errors are slightly larger in this region, but should not be significant for predicting vehicle-induced 
bridge response which is mostly below 10Hz.

12.6.3 Bridge Models

In order to compare the measured modal properties with theory, two simple models for the bridge 
were developed. In the first model, the bridge was approximated by a beam on rigid supports while 
in the second a finite element approximation was used.

The mass and stiffness properties were obtained from the construction drawings, supplied by the 
Berkshire County Council. The bridge was constructed of prestressed concrete, which was assumed 
to be uncracked. Therefore, the calculated stiffness properties relate to the gross cross-section 
instead of an equivalent cracked section. Full composite action between the slab and girders was 
assumed. The Young's modulus of concrete was estimated from values suggested in British 
Standard BS 5400 [15]. Table 12.7 contains the estimates of the inertia and stiffness parameters.

The Lower Earley bridge was initially modelled as a three span continuous beam on simple supports 
(see figure 12.13). Because of symmetry, it was analysed by dividing the bridge at the middle of the 
centre span. The anti-symmetric modes were obtained by considering a simple support at the free 
end of the beam (Case 1), while a vertical roller support at the free end simulated the symmetric 
modes (Case 2). The mode shapes and natural frequencies of the beam models were computed using 
the method described in Section 12.4.1.
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~e » i
Real axis (x 10 ms /N)

Fig. 12.12 Typical circle fit of mobility data. Mode 4, fm = 9.7Hz. The radial line indicates the position of the 
natural frequency. From [205].

Mode Measured 
frequency fm (Hz) £(■)

Beam model 
frequency fb. (Hz)

Finite element model 
frequency frc_ (Hz)

1 5.7 0.045 5.5 5.8
2 6.9 0.088 7.1 7.1

3 7.4 0.086 - 7.3
4 9.7 0.026 - 9.2

5 11.3 0.014 10.3 10.0
6 13.3 0.026 - 12.2
7 18.0 0.038 - 17.4

8 24.4 0.019 22.1 22.3

Table 12.6 Lower Earley bridge - modal parameters.

M r  M r

_________________ ___________ _ Cue 1
£ £ T M M r

У,

X

Cue 2

Fig. 12.13. Lower Earley bridge - Beam approximations. From (205].
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The four lowest natural frequencies were computed from the beam idealisation and the results were 
compared with measurements (Table 12.6). Figure 12.14 compares the results of the mode shape 
predictions with measurements. The agreement is quite good for the four predicted modes.
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Fig. 12.14 First four beam modes; vertical lines indicate the positions of the supports; From [205].
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The beam theory did not predict all the measured modes so a finite element analysis was performed. 
The bridge was modelled as an orthotropic plate on flexible supports at the piers using a 10x5 mesh 
of four-noded quadrilateral plate elements in each span. Figure 12.15 shows the coordinate axis 
system with the x-axis parallel to the centre-line of the bridge, the y-axis vertical, and the z-axis 
transverse to direction of vehicle motion. Referring to figure 12.9 it can be seen that there is a 
significant horizontal clearance between the bases of the inverted T-beams, it is therefore apparent 
that the bridge had quite different bending stiffnesses in the x and z directions. In the orthotropic 
plate model, the bending stiffness about the z-axis was determined by considering both the slab and 
the beams, whereas the stiffness about the jt-axis was determined from the slab alone. The x-y shear 
modulus and hence the torsional rigidity of the plate elements was corrected to match that of the 
bridge cross-section [515].

Typical results from the plate analysis are presented in Table 12.6, and figure 12.15 shows the first 
two predicted modes of vibration. From an examination of the plate mode shapes (see figure 12.15), 
it was evident that along any line in the дг-axis direction the mode shapes had forms simitar to those 
predicted by the beam model (see figure 12.14). The finite element mode) also indicated that the 
bridge displayed significant 'two-dimensional' behaviour in all modes.
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E Young’s modulus of elasticity 34.0 GPa
1 Moment of Inertia 1.82 m4

m Mass per unit length 20.4 tonne/m
G Shear modulus 14.2 GPa
J Torsional constant 0.05 m4

K Bearing stiffness 25.0 kN/mm

Table 12.7 Bridge model properties.

Fig. 12.15 First two modes from the two-dimensional finite element bridge model. From [205].

12.7 VALIDATION OF THEORY

In order to validate the bridge response calculation, the measured modal parameters were combined 
with the measured dynamic wheel loads using the calculation method described in Section 12.3. 
Bridge responses for each passage of the test vehicle were predicted and compared with the measured 
responses.

12.7.1 Wheel Loads

The dynamic wheel loads were determined for each vehicle test run. For the purposes of illustration, 
one vehicle run has been selected for presentation in this chapter.

A set of wheel loads for a south to north run over the Lower Earley bridge is presented in figure 
12.16. The vehicle speed is 50km/h and the front axle enters the bridge at time zero. The trailing 
axle leaves the bridge 5.6 seconds later. This vehicle has leaf springs on the steering axle, air 
springs on the tractor drive axle and leaf springs on the two trailer axles. The two tractor axles
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generate lower dynamic wheel loads, but relatively more high frequency (wheel-hop) motion is 
present than for the leaf-spring suspensions. This behaviour is typical of air suspensions [337].

The frequency content of the wheel loads was analysed by calculating the 'Fourier Spectra' [50] of 
the wheel load time histories. The Fourier spectrum is defined as the magnitude of the discrete 
Fourier transform and is a more appropriate statistic for the analysis of transient signals than the 
mean square spectral density [50]. Figure 12.17 shows Fourier spectra for wheel loads measured on 
the Lower Earley bridge. From this figure, it is evident that the wheel loads are concentrated in the 
l-4Hz range, although wheel-hop causes a second peak between 10 and 15 Hz.
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Fig. 12.16 Tyre feces (curb-side wheels), 50km/h, South to North. Vehicle enters bridge «  t •  0. From (205).

12.7.2 Mode Shapes
The convolution method requires estimates of the mode shape « 1 «  «  1 
bridge. To reduce experimental error, it was decided to fit 
shape values. On the basis of the finite element analysis, it was oug
Of the first eight modes of the bridge had one of the four stmple beam mode shapes me
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longitudinal direction. For each measured mode, it was fairly easy to choose a beam mode shape. 
The relative magnitudes along the centre-line and curb-side tracks were calculated by least-squares 
fits with the measured magnitudes along these tracks. Figure 12.18 shows the fitted mode shape 
curves for all eight modes compared with the measurements.
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Fig. 12.17 Fourier spectra of tyre forces (curb-side wheel)- (a) steer axle (b) drive axle (c) front trailer axle (d) rear 
trailer axle. From 1205].

For measured mode number 4, it was not clear which beam mode best fitted the data. For the 
instrumented span, a smooth sinusoidal curve was fitted through the points. The measurements for 
mode 4 on the other two spans were unreliable because of measurement difficulties and were 
therefore neglected. The fit to mode number 4 does not correctly model the mode shape (figure 
12.18d), but it will be shown to be a good engineering approximation for predicting the response of 
the bridge to heavy vehicle loads.

12.7.3 Validation Results

One difficulty in the comparison of measurement and theory was that it was not possible to measure 
the displacement response of the bridge at low frequencies (ie quasi-static). Since the predicted 
response includes the quasi-static component, it was necessary to remove this effect before an
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effective comparison could be made. This was accomplished with the application of a high-pass 
digital filter with a cut-off frequency of 1.0Hz. The filter had attenuation properties similar to those 
of an eighth-order Butterworth filter [197], and was designed in accordance with the 
recommendations of Stockham [440].
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Fig. 12.18 Mode shapes for convolution calculation, vertical lines indicate the positions of supports. From [205]. 
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Figure 12.19 shows a typical validation result with the vehicle travelling south to north at 50km/h. 
Bridge responses are shown for accelerometer positions 1, 3, and 4 (see figure 12.10). The 
agreement between prediction and measurement is generally very good. The curves do not match 
well in the first two seconds, but during this time interval the vehicle is on the first span. Because 
the vehicle has not reached the instrumented span the signal to noise ratio is poor. After the first two 
seconds, the predicted response exceeds the measured response at a few points, but otherw ise the 
curves are very close for all three measurement positions. The largest discrepancies occur on the 
offset accelerometer (number 4) in the initial two seconds. This indicates that the modes exhibiting 
torsional behaviour do not cancel each other correctly. Additional mode shapes are necessary to
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model the response at this measurement position more accurately. This would require modal 
response tests on the bridge, with extra off-centre accelerometers.

Fig. 12.19 Validation results, 50km/h, south to north. From [205]. -------------- Measured; .........*= Predicted

Figure 12.20 presents a typical result with the vehicle travelling in the other direction (north to 
south). The speed is 65km/h and the response is shown at the middle of the instrumented span. The 
agreement is excellent

Fourier spectra of the predicted and measured responses of figure 12.19 are shown in figure 12.21. 
Most of the important features of the measured curves are present in the predicted curves.

Figure 12.21 shows that the response of the Lower Earley bridge is dominated by a few distinct 
frequencies. The body bounce modes of the vehicle induce a large response at about 1.5Hz, while 
the bridge modes at 5.7Hz and near 10Hz are also important. The good correlation between 
measurement and prediction near 10Hz indicates that the assumed mode shape for mode 4 is an 
adequate approximation for predicting the response of the bridge to heavy vehicle loads.
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Fig. 12.20 Validation results, 65km/h, north to south, measurement position 1 (midspan). From(205). 
------------ b Measured; .............. => Predicted.

12.8 CONCLUSIONS

(i) A convolution formulation for calculating vehicle-induced bridge response was developed, 
and a new technique was described for evaluating the convolution integral in the frequency 
domain by using the discrete Fourier transform. This method has several advantages 
including;

(a) the calculations are much faster than equivalent time domain methods, especially if the 
wheel loads are known (eg measured);

(b) the method uses bridge vibration mode shapes which can come from many sources 
(eg measurements, simple theories, finite element predictions);

(c) the method can be extended to calculate the response of a dynamically coupled bridge- 
vehicle system using any suitable vehicle model.

(ii) The convolution method was compared with closed form solutions for simple cases and good 
agreement was shown.

(iii) Example calculations for two simple vehicle models traversing a simply supported bridge 
were presented and the iterative method was shown to converge.

(iv) The calculation method was validated by extensive experiments on a typical highway bridge. 
Modal tests showed that simple beam and plate models of bridge dynamics gave reasonable 
predictions of the measured vibration mode shapes and natural frequencies of the bridge. The 
results from the vehicle tests indicate that the calculation method is accurate for predicting the 
dynamic response of short-span highway bridges to heavy vehicle loads.

Chapter 22 investigates the effects of vehicle suspension type on the response of three different 
highway bridges, using the methods described in this chapter.
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PART 4 - DAMAGE MECHANISMS: 

FLEXIBLE PAVEMENTS





BACKGROUND TO ROAD DAMAGE 
PREDICTION

13

13.1 M ETHO DO LO G Y

Road design in many countries is largely empirical, for example as described in the 'AASHTO guide 
for design of pavement structures' in the USA [20]; and Road Note 29 [10], supplemented by TRRL 
Laboratory Report 1132 [378] in the UK.

Analytical or 'mechanistic' road design procedures have been advocated for some lime and are used 
in some countries (eg in Australia [162]). These procedures provide suitable backgiound for 
analysing the road damaging potential of heavy vehicles.

Current mechanistic pavement design practice is to optimise resistance to fatigue cracking and rutting 
[162, 367]. Analytical models are used to determine the 'primary responses' (stresses, strains and 
displacements) in a layered road structure due to a static, standard wheel load, often 40kN - ie half of 
an 80kN standard axle load (see figure 13.1). The 'fourth power law' (equation 1.1) is usually 
used to aggregate the estimated traffic during the service life into the number of equivalent standard 
axle loads (ESALs). Experimental fatigue and permanent deformation characteristics of the road 
materials are combined with the calculated primary responses to estimate the service life. Pavement 
layer thicknesses and material property specifications arc then determined by iteration [367].

40 kN static 
wheel load

Compressive 
strain at the top

Subgrade 11 of the subgrade

Fifc- 13.1 Strain components used in mechanistic design of a typical flexible pavement
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It is worth noting that the idea of aggregating the traffic into a number of ESALs has its historical 
roots in the period when pavement design was done by hand using design charts, or (later) using 
low-powered computers (see Chapter 1). In those days it was vital to simplify the pavement design 
problem in order to make it tractable, and ESALs were a very convenient way to do this.

Although it is not currently used widely, an alternative is to aggregate the damage. In this 
approach, pavement damage (rutting, fatigue cracking, etc) is calculated for a sample pavement 
section for each main vehicle condition (eg vehicle class, speed, pavement temperature, etc). The 
total damage is then aggregated for a specified time period - a week or month or season. This is 
continued until the end of the service life. Although this approach is more computationally 
expensive, it is more realistic and potentially much more accurate. Importantly, it eliminates the need 
to use ESALs, which have been discredited (see Section 1.3).

13.2 PRIMARY RESPONSE COMPONENTS

For the analysis of fatigue damage, the most commonly used primary responses are the horizontal 
tensile stress or strain at the bottom of the asphalt or PCC surface layer on the axis of the load, (see 
figure 13.1). Analytical models generally predict that maximum tensile stresses and strains occur at 
this location. Pavement designers consequently infer the upwards propagation of fatigue cracks from 
the layer interface.

The hypothesis of cracking 'from the bottom up' has not been confirmed experimentally: Thrower 
[457] noted that this failure mechanism is not well supported by observations of core samples taken 
from roads in Britain, where cracks almost invariably originate at the top surface and extend 
downward. Cores taken from Japanese roads [328] and British roads [508] also showed cracks 
confined to the surface, with no evidence of damage to the road base. Wu [508] noted a close 
association between surface cracking and a poor bond at the interface between surface and road base. 
He also suggested that ageing of the surface layers is likely to be a contributing factor. Matsuno et al 
[328] hypothesised that longitudinal surface cracks occur at high pavement temperatures due to 
transverse tensile strains at the surface close to the edge of the tyre. Jacobs et al [260] showed that 
large tensile stresses can be generated in the road surface due to transverse shear tractions in the tyre 
contact area. These issues are discussed in Chapter 15.

Rutting damage in flexible pavements is the result of permanent deformation in each of the pavement 
layers. In the AASHO road lest [8] approximately 68% of the permanent deformation occurred in the 
granular foundation layers, while 32% occurred in the asphalt surface. Compressive strain in the 
subgrade was found to correlate well with rutting damage [464]. In tests performed by the 
Transport and Road Research Laboratory (TRRL) in the UK [305] these proportions were 
approximately 46% and 54% respectively. Pavement designers often attempt to minimise 
deformation of the granular layers by limiting the compressive stress or strain at the lop of the 
subgrade (see figure 13.1). In other design procedures, the elastic vertical deflection of the surface, 
or the sum of the theoretical permanent deformations of each layer are used as design criteria.

The lack of consensus on which primary response component(s) should be used is evidence of the 
general lack of understanding of the mechanisms of road damage.
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13.3 M A TERIA L DAMAGE RELATIONSHIPS

The fatigue damage characteristics of asphalts are very sensitive to stress and strain amplitudes. 
Fatigue models developed from laboratory experiments are typically power-law relationships:

Nf = ki e_k2 (13.1)

where
Nf is the number of cycles to failure at strain level e,
kj is a constant that usually depends on the stiffness of the material, and
k2 is a constant.

The value of кг depends on the material and the mode of distress.

The parameters ki and k2 are typically determined from simple laboratory fatigue tests on specimens 
of asphaltic material (see, for example [67, 184, 349J). Experimental studies have shown that the 
major factors affecting the constants k] and кг are: (i) asphalt mixture stiffness, (ii) bituminous 
binder content, (iii) bituminous binder viscosity, (iv) gradation and characteristics of the aggregate,
(v) air void content and (vi) pavement temperature [145,184, 383J.

It can be seen from equation 13.1 that the fatigue life of asphalt is extremely sensitive to the exponent 
k2- Values of k2 reported in the literature range from I to 8, and is often taken to be approximately 4 
(see, for example, [72, 183, 184, 316, 329]). One of the major problems with this type of model is 
the simplified loading conditions under which the fatigue constants k{ and k2 arc determined.

Some fatigue cracking models for Portland cement concrete pavements are power-laws like 
equation 13.1, but most are semi-log relationships of the form

LogNf=k3-k4 (13.2)

where Nf is the number of cycles to failure at stress level a , кз and k4 are experimentally 
measured constants, and Mr is the modulus of rupture (fracture strength in bending) of the concrete 
[192].

When vertical subgrade strain is used to estimate rut formation, power-law equations like (13.1) are 
often used to calculate the number of stress cycles required to generate a particular critical rut depth. 
In these models k2 usually takes values in the range 1.85 to 7.14 [219].

If the road is assumed to be linear viscoelastic, then the average increase in rut depth is proportional 
to F/V, where F is the static load, and V is the speed (see [142, 192] for details). This relationship 
is approximately comparable to a power-law (like equation 13.1) with an exponent of 1.

13.4 SUCCESS OF THE MECHANISTIC APPROACH

Although considerable research effort has been concentrated on predicting pavement failure, 
agreement between theory and experiment is often unsatisfactory [457]. There are numerous 
complicating factors including: (i) ’healing’ of bituminous materials in rest periods between load 
pulses [183, 457, 469]; (ii) the distribution of wheel paths across the road [344, 367, 457, 458, 
469]; (iii) extreme sensitivity of material properties to climatic conditions, particularly temperature 
[109, 367, 457, 469, 516]; (iv) inaccuracy of the 'fourth power law' 14, 457]; (v) variations in 
lyre types [16, 248, 516]; (vi) inadequacies of pavement response and damage models [457]; and
(vii) the variable nature of the applied loads. It is not uncommon for such analyses to underestimate 
pavement fatigue lives by a factor of 100 [367,457,469].
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Some researchers have tuned or ’internally calibrated' their pavement models by making large 
adjustments to the input parameters on the basis of field tests of pavement deterioration (typically the 
AASHO road test). In these cases, the agreement between model predictions and the corresponding 
experiments is found to improve considerably. See, for example, [66,277,454].

One notable exception was presented by Thrower et al [458], who obtained surprisingly good 
agreement between predictions of rutting in controlled laboratory tests and full-scale tests, using a 
detailed nonlinear description of material permanent deformation characteristics.

Criteria for evaluating the road damaging effects of vehicle loads must inevitably be based on the 
current understanding of road surface failure. As illustrated above, this is an area of considerable 
uncertainty.

The rest of this part of the book describes mathematical models of the permanent deformation and 
cracking of asphalt roads. These models are suitable for use in the analysis of road-damaging effects 
of vehicles, and they are used for this purpose in Part 5.



PERMANENT DEFORMATION OF 
FLEXIBLE PAVEMENTS

14.1 SUMMARY

In this chapter, permanent deformation (rutting) in bituminous pavements is treated as a viscoelastic 
flow phenomenon. The correspondence principle is used to deduce the permanent deformation of a 
linear viscoelastic pavement system using a linear elastic pavement model supplied with suitable 
viscous parameters and vehicle loads. A simple method is introduced for determining the viscosity 
of asphalt mixtures from routine test data, for a wide range of environmental conditions. Rut depth 
predictions are compared with experimental data from a full-scale accelerated loading test in France. 
Agreement is generally good indicating the applicability of this linear rutting model.

This chapter is based on work previously published in [143].

14.2 INTRODUCTION

In the UK the most common form of road failure in flexible pavements, is rutting, where material 
from under the wheel path of a truck flows and compacts to form a groove or rut [457]. The two 
major mechanisms within the pavement materials contributing to rutting are densification 
(compaction) and shear plastic deformation. These two mechanisms contribute in varying degrees to 
permanent deformation in all the pavement layers. Researchers have found that if a pavement has 
been well compacted during construction, further densification rutting is unlikely, and permanent 
deformation is only due to shear flow [167].

Pavement engineers have traditionally tried to eliminate rutting by limiting the vertical stress or strain 
at the top of the subgrade [367]. Such methods assume that there is a unique relationship between 
the vertical compressive strain at the formation level and the number of wheel loads to cause failure 
by excessive rutting.

The 'layer strain' approach to rutting was developed in the 1970s (eg [73]). This type of model 
accounts for the permanent deformation in all the pavement layers by assuming either a linear or 
nonlinear relationship between the elastic stress field and the vertical permanent deformation in each 
layer. The relationships between elastic stress and the permanent deformation characteristics of the 
materials were usually determined from triaxial tests. Although the layer strain approach could 
account for permanent deformation in each pavement layer, it could not model the characteristic ridge 
formed adjacent to the wheel path. This type of model also assumes that permanent deformation is 
only dependent on the elastic stresses in the pavement.

The third major type of predictive rutting model is based on the viscoelastic behaviour of bituminous 
materials [360, 456]. These models generally use a combination of linear springs and dashpots to 
model the time-dependent rheological behaviour of asphalts. This type of model assumes that ruts 
form by the shear flow of pavement materials and can account for the characteristic ridge formed 
adjacent to the wheel path. Unlike the layer strain approach, permanent deformation is assumed to be 
independent of the elastic properties of the pavement materials. Rowe [395] developed a viscoelastic
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rutting model, in which the asphaltic material was modelled using a Burger's model. The parameters 
required for the Burger's model were determined from repeated load axial tests and used in 
conjunction with a finite element (FE) program to predict surface rutting. For a more comprehensive 
review of pavement rutting models, refer to [211],

In the United States, the Strategic Highway Research Program (SHRP) project entitled ‘Performance 
related testing and measuring of asphalt-aggregate interactions and mixtures' was set up to 
investigate the relationship between properties of the bituminous binder and pavement performance 
(see for example, [340, 341]). As part of this program a number of test methods (eg uniaxial, 
triaxial and simple shear tests conducted in creep, repeated, and dynamic loading modes) were 
investigated to assess the rutting potential of various asphalt mixtures. Results indicated that the 
most suitable accelerated test is a shear test in which combinations of shear and normal stresses are 
applied to the specimen, either continuously (creep loading) or repeatedly, with short loading 
durations.

The permanent deformation model presented in this chapter uses the theory of linear viscoelasticity to 
model steady-state rutting in flexible pavements. A new approach is developed for predicting the 
viscous properties of un-aged asphalt mixes from routine test data, and the model is verified by 
comparison with measured rut-depth data from tests in France. Ageing has not been included 
because data from accelerated tests was used to validate the model. For the prediction of long-term 
rutting, a suitable ageing law could be used to modify the properties of the bitumen with time. (See, 
for example, [481]).

14.3 THEORETICAL RUTTING MODEL FORMULATION

14.3. 1 Linear System Theory

The response z(t) of a linear system to a time-varying input f(t) is given by the convolution integral 
[355]:

where
z(t) is the response at time t,
f(T) is the input force at time t, and
h(t) is the response at time t to a unit impulse at time t = 0.

Assuming that f(t) is transient, starting at time t=0, it may be defined as:

Z (t)=  |h ( t -T ) f (T )d t (14.1)

0 t <0
f(t) = < F(t) O S tS T f  

0 Tf <t .
(14.2)

Substituting into equation 14.1 gives

(14.3)
0

If the impulse response has a permanent offset h(t) = h«o for large times, t > T^, as shown in figure 
14.1, equation 14.3 can be rewritten as:
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Tr
z(t) = h*, jF(x)dx for ali t>Th +Tf . 

0
(14.4)

fig. 14.1 Impulse response showing permanent offset for l > Th-

Therefore, the residual deformation of the system is proportional to the product of the applied 
impulse (integral of the input force over time) and the final value of the impulse response, h«.

14.3.2 Application to Pavement Rutting

The response of a road to a single moving dynamic tyre force can be written using a form of the 
convolution integral (see equation 10.7):

z(x,t)= J h(x- vx,t- x)f (x)dx = J h^v0,0 + t - ^ j f ^ - 0 jd 0  (14.5)

where

v
z(x, t) is the response at position x and time t, 
v is the vehicle speed,
h(x, t) is the time response at position x to a unit impulse at the origin at time t=0,
f(x) is the instantaneous value of the tyre force at time X.

Assuming that the impulse response is negligible for distances greater than xo from the point of 
application of the impulse (ie h(x, t) = 0 for Ixl > xo), equation 14.5 may be rewritten as:

z(x,t) = (14.6)

Following a similar approach to that above, and denoting the steady state offset of the impulse 
response function by:

h(x, t) = hoo(x), as t -4 » ,

it is apparent that the permanent deformation at longitudinal position x for one axle becomes:

z(x,«)
4 b

J hoe(v0)f 
-*o/v

0. (14.7)
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This result can be generalised easily using the linear superposition principle to accommodate multiple 
axles. hoo(x) is an influence function giving the rate of permanent vertical displacement at a distance 
x from the point of load application.

If the force f(t) is constant with respect to time, equation 14.7 can be simplified to:

This is simply the area under the influence function h«(y). Permanent deformation calculated from 
(14.8) will be proportional to the static load F, and inversely proportional to vehicle speed v.

14.3.3 Calculating the Influence Function:
According to the elaslic/viscoelastic correspondence principle [182], the rate of permanent vertical 
surface displacement or strain can be obtained for a linear viscoelastic material, by supplying a linear 
elastic pavement model with equivalent viscous parameters [456]. It is necessary to replace the 
Young's modulus of each layer with a suitable extensional viscosity, and to choose an appropriate 
value of Poisson's ratio (normally 0.5). Then the permanent deformation influence function h«*(x) 
can be calculated simply by applying a unit force to the surface of the pavement model and calculating 
the surface 'deflection' profile along the line of travel. More details can be found in [142].

14.3.4 Notes
This approach to calculating pavement rutting has three important features:

(i) The distribution of permanent deformation through the layers is accounted for exactly, 
assuming that all the layers behave as linear viscoelastic materials.

(ii) The effects of vehicle speed (loading time) and dynamic loads, are accounted for exactly in 
the integration stage, and require only one h*«(x) influence function for each tyre type.

(iii) The effect of pavement temperature on rut generation can be included in the analysis by using 
temperature sensitive viscosities, particularly for the layers near the surface, where the 
temperatures can be higher.

14.4 ASPHALT MIXTURE VISCOSITY

The success of the linear viscoelastic approach relies on the ability to determine pavement layer 
viscosities for the range of environmental conditions experienced during the life of a pavement. No 
general theoretical method for doing this has been found in the literature. Researchers using 
viscoelastic rutting models tend to choose arbitrary viscosity values to give realistic results [456, 
458], or fit simplified rheological models to limited sections of data [257, 360], Hopman et al. 
[241] fitted a linear viscoelastic Burger's model to results from transient pulse loading tests to 
determine asphalt mixture properties (ie viscosity, initial elasticity etc).
The following section examines the assumption of linear viscoelasticity, and introduces a simple 
method for estimating asphalt mix viscosity from routine test data - the viscosity of the bituminous 
binder and the mix composition.

14.4.1 Rheological Properties of Pure Bitumen

The 'stiffness' of a bitumen specimen subjected to a constant uni*axial stress can be defined as the 
ratio of applied stress to cumulative or total strain, and in general will depend on: (i) loading

(14.8)

S tiffness
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procedure, (ii) loading time or frequency, and (iii) temperature [236]. In the early 1950's Van der 
Poel carried out comprehensive uni-axial creep and dynamic tests on a large number of bitumens over 
a wide range of temperatures and loading times in order to determine their mechanical properties. 
His work resulted in the universally used ’Van der Poel nomograph’ [476].

In order to determine bitumen stiffness from the nomograph, the loading time or frequency is 
required as well as the following properties: (i) Ring and Ball softening point temperature (Tr&b). 
(ii) Penetration Index (PI) and (iii) bitumen temperature (TB). Figure 14.2 shows bitumen stiffness 
at three different temperatures as a function of loading time predicted from a computer 
implementation of the nomograph [28]. A standard grade of bitumen (Tr&r = and PI = -0.5) 
was used for figure 14.2 and throughout this chapter. At short loading times the curves are 
horizontal indicating purely elastic behaviour, whereas at long loading times the curves become 
straight with a slope (on log scales) of minus one, indicating purely viscous behaviour. Intermediate 
loading times produce viscoelastic behaviour with significant strains from both elastic and viscous 
deformations.

The similarity in shape of the curves is striking, and if each curve were shifted in the horizontal 
direction (time) they would all become coincident. This behaviour, whereby the response at a given 
temperature and loading period is the same as the response at a reference temperature but over a 
compressed or extended time scale, is known as the 'time-temperature superposition principle'. It 
indicates that within this range of conditions, pure bitumens are 'thermo-rheologically simple [338, 
351, 426, 494].

R heological M odel

A linear viscoelastic rheological model can reproduce the creep behaviour of bitumen at different 
temperatures with reasonable accuracy. Researchers have shown that Burger's rheological model 
(figure 14.3) simulates the behaviour of bitumens quite well, although it is limited to regimes of 
Newtonian flow [70, 241, 318, 343, 363, 366, 399, 412]. Consequently, an extended three element 
Burger's model with two retardation times was used to simulate the creep behaviour of bitumen, in 
order to determine its viscosity at a given temperature.
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Fig. 14.3 Schematic representation of a general viscoelastic material.
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Bitumen Viscosity

The creep compliances (reciprocal of the ’stiffness') generated by the Burger’s model were fitted to 
data deduced from the Van der Poel nomograph for a number of temperatures (see figure 14.4). 
Long loading limes were considered so as to obtain sufficient strain contribution from viscous 
deformation. This is particularly important at low temperatures where bitumen displays an increased 
resistance to viscous flow, A good fit was obtained over a range of temperatures typical of pavement 
wearing courses in the UK [221].

Time / seconds

Fig. 14.4 Fitted creep compliances of a bitumen for three temperatures. From [143].

The required viscosity of the bitumen at each temperature is the value of the series viscous damper 
(X\ in figure 14.3), obtained from the parameters of the Burger’s model which best fils the response. 
This is the only component of the Burger's model that contributes to irrecoverable (permanent) 
deformation.
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14.4.2 Rheological Properties of Asphalt Mixtures

Asphalt M ix S tiffness

At high values of bitumen stiffness (Sb £ 1 MPa), the stiffness of an asphalt mix can be estimated 
from the stiffness of the bituminous binder and the mix composition, using the Bonnaire nomograph; 
[24], or the empirical equation [34]:

(^ т)ң  = s b
{ { 2S7.S~2.5VMA 
+ n(VMA-3)

(14.9)

where
(5т)ң
Sb

is the asphalt mix stiffness for Sb £ 1 MPa, 
is the bitumen stiffness (MPa),

n = 0.831og10
4x l04'

t Sb / , and
(14.10)

VMA = % Voids in Mixed Aggregate = % vol. air voids + % vol. bitumen.

Equation 14.9 is only applicable for conditions in the range 12% £ VMA < 30%, Sb £ 1 MPa and an 
air void content of > 3% [34].

The mix VMA may be calculated from the following equation [34]:

where Vv 
Mb 
Ma 
Yb 
Ya

VMA = (1 0 0 -Vv) Мь/7ь
Mb/Yb + Ma/ r a _

+ v„
is the percentage of air voids in the mix by volume, 
is the percentage of bituminous binder in the mix by mass, 
is the percentage of aggregate in the mix by mass, 
is the specific gravity of the bituminous binder, and 
is the specific gravity of the aggregate.

(14.11)

Hills [236] concluded from creep tests on asphalt mixtures that the relationship between the stiffness 
of bitumen (Sb) and the stiffness of asphalt (Sm)L at low bitumen stiffness (Sb < 1 MPa) depends on 
the following factors in addition to mix composition and bituminous binder stiffness: (i) quality of 
aggregate grading; (ii) aggregate shape (eg crushed or rounded); (iii) state of material compaction; 
and (iv) confining conditions. He showed from compressive creep tests on various asphalt mixtures 
that at low values of bitumen stiffness there is a tendency for the strain rate in the asphalt mix to 
diminish, and in some cases tend towards zero, thus limiting the permanent deformation at long 
loading times.

To model this behaviour Hills hypothesised that the internal structure of a mix continually changes 
during a creep test, and he developed various theoretical models reflecting these changes (see [236] 
for detailed discussions of the various models). The overall result was a single equation yielding a 
family of low-stiffness curves of the form:

(l + C2/S„)r , - l

where (Sm)L is the asphalt mix stiffness for Sb < IMPa,
Sb is the bitumen stiffness (MPa), and
C|, C2 and q are experimentally determined constants.

(14.12)

According to Hills, the three constants Cj, C2 and q reflect the internal structure of the mix at the 
time of the test, and if equation 14.12 is plotted on log scales, Cj and C2 shift the stiffness curve 
vertically and horizontally respectively, while q determines the shape of the curve for low stiffnesses.
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The value of the constant q effectively represents different models for the internal structure of the 
mix.

Fig. 14.5 Particle-pair separated by a thin bituminous binder film. From [143].

Consider a pair of adjacent aggregate particles of arbitrary orientation separated by a thin bitumen 
film of thickness h as shown in figure 14.5. The system is subjected to local normal and tangential 
stresses (yo and ка), determined by resolving the applied compressive stress into directions 
perpendicular and parallel to the particle-pair orientation respectively. The behaviour of this system 
can be classified as follows [236]:

(i) q = 0. Deformation is due to shear displacement of the particles only with no thinning of the

(ii) q = 1. The binder film is allowed to thin under normal stresses by being squeezed into 
nearby air voids at a rate given by Stephan's equation [S9].

(iii) q = 2 to 9. To account for the gradation of the aggregate, the binder film between adjacent 
aggregate particles is considered to be a model (ii) material (q = 1). The resulting material is 
considered to be the binder between two larger adjacent aggregate particles. This sub
structure is repeated q times in a recursive fashion for progressively larger particle pairs.

(iv) q £  10. The binder film between adjacent particles is assumed to be sufficiently thin to permit 
local frictional contact during creep deformation. It is assumed that the creep deformation rate 
is inversely proportional to the total nominal area of contact per unit volume, which increases 
with time. Under these conditions the stiffness of the mix will lend towards the stiffness of 
the aggregate matrix, limiting further creep deformation.

If a pavement has been well compacted during construction, further densification during rutting is 
unlikely, and permanent deformation is due to shear flow only [9, 167,211,465]. Consequently, it 
is reasonable to assume that deformation due to frictional contact between adjacent aggregate particles 
(q £ 10) will not occur under typical pavement operating conditions (loading times and 
temperatures). However, in order to obtain a reasonable estimate of asphalt mix viscosity, longer 
loading times, and thus lower effective stiffnesses must be considered. This allows sufficient strain 
contribution from viscous deformation. It was therefore decided to use equation 14.9 to describe the 
behaviour of the mix for high bitumen stiffnesses (Sb £1 MPa), and equation 14.12 with a suitable 
value of q to describe the behaviour of the mix for low bitumen stiffnesses (Sb < 1 MPa).

Figure 14.6 shows a plot of equation 14.12 with q values of 0, 1 and 5 (Sb < 1 MPa) as well as a 
plot of equation 14.9 (Sb £ 1 MPa), for the same standard composition of asphalt mix (VMA=18%, 
Tr&b=58°C and PI=-0.5).

Bituminous binder

binder film.
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In order to ensure a smooth transition between the two stiffness equations (equations 14.9 and 
14.12) the following compatibility conditions were used to determine the constants Cj and C2 in 
equation 14.12:

'a(sm)H
. 5(Sb) 

and

[(^m)ң] Sb=, Mpa ~ [(Sm)L] $h=1 Mpa

Asphalt Mix Viscosity

.9. =1 MPa

3(sn
*s„)

A linear viscoelastic model can be fitted to the creep compliance of the asphalt mix at various 
temperatures provided q is known. Since creep of well compacted asphalt mixes is assumed to be a 
shear flow phenomenon governed by the bituminous binder, it is reasonable to assume the same 
general rheological behaviour for the asphalt mix as for pure bitumen [241], Consequently, it is 
assumed here that a three element Burger's model can be used to model the creep behaviour of 
asphalt mixtures. The viscosity obtained from the fitted Burger’s model is an estimate of the 
viscosity of an asphalt pavement wearing course material for typical loading times and temperatures.

14.4.3 Determination of q from Experimental Data
The value of q determines the shape of the asphalt mix stiffness curve for low bitumen stiffnesses, 
and therefore the shape of the asphalt mix creep compliance curves as t->°o. q is strongly dependent 
on the viscosity of the mix, and can be determined by simulating measured permanent deformation in 
asphalt mixtures. It is important to use results of deformation tests that were conducted under 
pavement loading times and temperatures that are representative of in-service rutting conditions. The 
results of creep tests cannot be used for this purpose since they involve long loading times and/or 
high temperatures, and the mix continually changes its structure throughout the test. However, 
results from repeated load creep tests (such as those proposed by the SHRP study (340, 341)) could 
be used with sufficiently short loading times to simulate traffic loading.
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Hills et al [238] compared the asphalt mix stiffness obtained from compressive creep tests with that 
obtained from wheel tracking tests (see [238] for a discussion of the method used to determine 
asphalt mix stiffness from wheel tracking tests). At high values of bitumen stiffness they found 
good agreement. However, at low values of bitumen stiffness they found that creep tests gave 
higher asphalt mix stiffnesses than wheel tracking tests. These discrepancies at low values of 
bitumen stiffness will result in a considerable over-estimation of asphalt mix viscosity for viscoelastic 
rutting models with parameters based on creep test results. Therefore, it was decided to use results 
of published wheel tracking test results to determine a value for q.

Wheel Tracking Tests

Hills et al reported wheel tracking tests performed on a number of asphalt slabs, 100mm thick, laid 
over a granular base in a laboratory test track [238]. The test sections were loaded by a single wheel 
that ran in a circular path at constant speed, giving a linear velocity of 2.78 m/s. The static load 
applied through the single tyre was 7kN and the asphalt temperature was kept constant at 30*C 
throughout the test. The measured reduction in asphalt layer thickness directly under the load for 
three of these mixes was considered in order to determine a value for q. Details of mixes are given 
in Table 14.1.

Mix
No.

Mix description Bitumen
content

%wt

Bitumen
grade

Tr&b PI Air
voids % 

vol

VMA I 
% vol 1

A7 Sandsheet with rounded 
sand (aged by static 
compaction)

7 40/50 58 0 3.5 18.4

A8 Sandsheet with rounded 
sand (un-aged)

7 40/50 58 0 3.5 18.4

A10 Sandsheet with rounded 
sand, rich

9 40/50 58 +0.2 5 23

Table 14.1 Asphalt mix compositions from [238].

The asphalt layer viscosities for each mix at the test temperature were determined from the fitting 
procedure described above for a given value of q. The viscosity assigned to the granular base layer 
was high ( 0 .6 9 X 1 0 6  GPa.s), thereby restricting all the permanent deformation in the model to the 
asphalt layer.

The VESYS computer program [274] was used to generate the deformation-rate influence functions 
(hoe) required by equation 14.7. VESYS models a pavement as a semi-infinite linear elastic layered 
structure supported on an elastic half-space. The tyre-road contact was assumed to be a circle of 
radius 66 mm. In order to calculate the deformation-rate influence function, VESYS was supplied 
with the viscous equivalents of Young's modulus (Ey), and Poisson’s ratio (vv). These are given by 
the expressions:

E v _ 9%П 
"ЗХ-И1

and _ ЗХ-2Л
2(3*+ Л)

(14.14a,b)

where % is * e bulk viscosity (analogous to bulk modulus for an elastic solid),
and ri is the shear viscosity (analogous to shear modulus for an elastic solid).

The bulk viscosity % was taken as infinity thus restricting permanent deformation to shear flow with 
no changes in volume. This was necessary since Van der Poel used the relationship E = 3G to 
determine extensional stiffness from shear tests for his nomograph [476]. Consequently, equations 
14.14 become:
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Ev = 3r\ = X and (I4.15a,b)

where r\ is the shear viscosity, and 
X is the extensional viscosity.

The reduction in asphalt layer thickness was calculated from equation 14.8 using deformation-rate 
influence functions directly under the single tyre contact patch. The viscosity of the asphalt was 
determined from the Burger's model fit to the asphalt mix compliance at the temperature of the wheel 
tracking test (30’C). By adjusting the value of q it was possible to reproduce the reduction in 
asphalt layer thickness measured for the three test mixes. A value of q=0.47 was found to fit 
measured deformation well for all three mixes.

Figures 14.7a and 14.7b show the computed and measured reductions in asphalt layer thickness for 
the three test sections as a function of cumulative load passes. It can clearly be seen that for ali three 
mixes after an initial compaction period the permanent deformation increases linearly with load 
applications, and the predicted permanent deformation reproduces measured deformation well. 
Mixes A7 and A8 give the same rale of viscous permanent deformation after different levels of initial 
compaction. This difference in initial compaction (approx 1mm) would appear to be due to the 
ageing of mix A7 since this was the only difference in the two mix specifications. Mix A10 has a 
higher bitumen content and a higher air void content than the other two mixes and hence a 
significantly higher rate of permanent deformation.

A value of q=0.47 represents a mix internal structure where a pair of adjacent aggregate particles are 
separated by a thin binder film which thins at a rate that is less than the unrestricted rate (q=l). The 
value of q=0.47 fitted two quite different mixes; so it might be hypothesised that this is a relatively 
general result which could be applied to other asphalt mixes. Clearly more experimental evidence is 
needed to test this hypothesis.

14.4.4 Asphalt Mix Viscosity Equation

Equations 14.9 and 14.12 (with q=0.47) were used to calculate asphalt mix stiffness for the 
standard mix (VMA=18%, Tr&b=58°C and PI=-0.5), at different temperatures. The three element 
Burger's model was then fitted to the corresponding creep compliances and the results of the fit for 
three different temperatures are plotted in figure 14.8.

It is now possible to plot bitumen viscosity against asphalt mix viscosity (both determined from fitted 
Burger's models) for corresponding temperatures and different mix compositions. The result is 
independent of temperature and the properties of the bituminous binder (Tr&b and PI), and depends 
only on mix composition. For the range of VMA investigated (representative of most realistic asphalt 
mixes), the relationship between bitumen viscosity, asphalt mix viscosity and mix composition 
(VMA) was found to be of the form:

where Хд is the extensional viscosity of the asphalt mix (MPa.s)
Хь is the extensional viscosity of the bitumen at the temperature of the mixture,

Figure 14.9 shows equation 14.16 plotted for a number of different asphalt mix compositions. 
Decreasing the VMA of the mix shifts the curve vertically giving higher values of asphalt mix 
viscosity for a given value of bitumen viscosity and vice-versa. This is because the volume of 
bituminous binder in the mix affects the thickness and hence strain rate in the separating layer 
between adjacent aggregate particles.

'°glo(>-a) = <MVMA) + 4>2(VMA) logl0(Xb) (14.16)

<J>,(VMA) = 1.86 x 10"3 VMA2 -1.65 x КГ1 VMA + 6.98 

Ф2(УМА) = -2.2 x 10^ VMA + 7.5 x 10_1



Fig. 14.7 Predicted and measured reduction in surface layer thickness for: (a) Sections A7 and A8; and 
(b) Section A10. From 1143].
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Ruth and Schweyer [399] used a 'Schweyer Constant Stress Rheometer’ to calculate values of 
constant power' viscosity for different types of bitumens and asphalt mixes at different strain rates 
(see [394, 399] for details). They found that their test data showed a general trend linking a*phalt 
mix viscosity and bitumen viscosity but did not give a highly reliable relationship. Figure 14.9 also 
shows results for four of the asphalt mixes tested by Ruth and Schweyer. Allhough they did not use 
wheel tracking tests to determine asphalt mix properties their results confirm that equation 14.16 
yields realistic values of asphalt mix viscosity.
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14.5 VISCOSITY OF SOILS AND UNBOUND GRANULAR MATERIALS

Soils have been observed to have a similar structure to asphalts, where the water contained in the 
pore spaces acts as the binder [458]. Consequently, as a first approximation, it can be assumed that 
soils behave in a linear viscoelastic manner. This is reasonable provided the bituminous layers are 
thick and the effects of soil deformation are consequently small [360).

Creep tests on unbound granular materials suggest that an equilibrium level of sub-failure strain 
develops after a relatively small number of cycles [72, 458). Accordingly, it can be assumed that 
unbound granular materials exhibit a very high effective viscosity after the initial compaction stage.

14.6 EXPERIMENTAL VALIDATION

The linear viscoelastic rutting model described above was validated by simulating permanent 
deformation from full scale-tests conducted during the OECD full-scale accelerated wheel-tracking 
tests in France [31]. The test section used for validation was Section 02 which was a bituminous 
structure. The pavement layer was modelled as a three-layer structure comprising a 139 mm asphalt 
layer, a 280 mm granular layer and a semi-infinite subgrade layer.

14.6.1 Loading

The test section was loaded by an arm of length 19m that rotated at 10 revolutions/min giving a wheel 
speed of 20 m/s. The arm applied a load of 56 kN to the test sections through a dual-tyre half axle 
arrangement, with tyre pressures of 710 kPa. The history of load applications through the test is 
shown in figure 14.10. Although the tests ran for over a year, most of the loads were applied 
between weeks 34 and 52. Successive passes of the load were distributed transversely to represent 
realistic traffic loading conditions and avoid canalisation. This lateral distribution was modelled in 
the simulation by generating laterally offset influence functions hM(x). The loads applied to the 
pavement sections were assumed to have no dynamic component. This is a reasonable assumption 
since the linear viscoelastic rutting model is largely insensitive to dynamic tyre forces.
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14.6.2 Temperature Effects

Changes in air temperature were assumed to only affect the viscosity of the asphalt surface layer. 
The effective weekly temperature of the asphalt layer was estimated from the measured mean air 
temperature and the following empirical equation [189J:

,= T ifi— *L
' \  hj +304.8

84.7
h ,+304.8

+ 3.3 (14.17)

where Tp is the effective surface layer temperature (°C), 
Ta is the measured mean air temperature (°C), and 
h] is the thickness of the surface layer (mm).

Most of the loads were applied to the test sections during the summer months when the air 
temperature» and hence the asphalt temperature, was highest.

14.6.3 Asphalt Layer Viscosity

The bitumen viscosity was obtained from the viscoelastic fitting procedure described above for each 
week of the test using the mean weekly asphalt temperature. The asphalt layer viscosity was then 
estimated each week from the bitumen viscosity and the VMA of the asphalt mix, using equation 
14.16 (assuming q=0.47). Figure 14.11 shows the effective weekly asphalt viscosity over the 
duration of the test plotted on a logarithmic scale. Because of the strongly non-linear relationship 
between temperature and viscosity, the weekly asphalt viscosity varies by over two orders of 
magnitude.

Fig. 14.11 Mean effective weekly asphalt layer viscosity. From [143].

To determine the asphalt viscosity and the mix VMA from equations 14.16 and 14.11 respectively, 
the properties of the bitumen and asphalt are required. The Ring and Ball softening temperature 
(T r&b) was estimated from the following empirical equation for French bitumens [470] ;

TR&B =95.81-24.84 logI0(pen25) (14.18)

where Tr&b is the Ring and Ball softening temperature (°C), and
pen25 is the standard penetration at 25°C.
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The average standard penetration at 25°C obtained from the recovered binder for the 60/70 grade of 
bitumen used in the OECD test was 37.5. Therefore, the Ring and Ball softening temperature from 
equation 14.18 is: Tr &B = 56.7 °C

The Penetration Index (PI) can be estimated from the following empirical equation [470J: 
n _ 20Træb 1-5001о8|0(репи ) - 1 ,951.55

ТКАВ-501о81о(реп25)+120.15 '

This gives a Penetration Index of: PI = -0.3

The average recovered binder content for the mix used in the OECD test was 6.0% (by weight) of the 
mix and the average void content for Section 02 was 3.45% vol of the mix. In order to estimate a 
VMA value for the mix the specific gravity of the 60/70 penetration grade bitumen and aggregate 
were taken as 1.03 and 2.60 respectively. These values give a mix VMA of 16.85%.

14.6.4 Granular and Subgrade Layer Viscosities

Examination of specimens cut from trenches on the rutted sections of the OECD test showed that 
most of the deformation was restricted to the top two layers with little contribution from the subgrade 
[31J. Consequently, viscosity values assigned to the granular and subgrade layers were high 
(0.69x106 GPa.s), restricting almost all of the rutting in the model to the surface layer only. The 
viscosity assigned to the granular layer (l.38xl06 MPa.s) was chosen so that approximately 50% of 
the rutting occurred in the surface layer and 50% occurred in the granular layer, for an average 
asphalt viscosity determined from figure 14.11.

14.6.5 Influence Function Calculation

Contact conditions between each of the dual tyres and the road were assumed circular, with a 
uniform pressure distribution. The contact radius of each dual tyre was 138 mm and the spacing 
between the tyre centres was 360 mm. The deformation-rate influence functions ho»(x) produced 
by VESYS for each of the pavement layer interfaces are shown in figure 14.12 for week 10 of the 
test. These were calculated directly below one of the contact patches. The area under each influence 
function is related to the permanent deformation as per equation 14.8. It can clearly be seen that 
almost all of the deformation occurs in the surface layer with material flowing upwards about 0.25m 
away from the load. This will result in the small ridge on either side of the rut often observed during 
wheel tracking tests [167].

14.6.6 Rut Depth Calculation
Rut depth 5 was calculated by adding the height of material deposited on either side of the overall 
nit Di to the depth of the rut directly under one of the dual tyres Dj (see figure 14.13).

14.6.7 Results
Figure 14.14 shows rut depth computed on a weekly basis compared with measured rut depth for 
Section 02. After 0.25xl06 load passes, rut depth predictions reproduce measurements well. The 
two circled points seem to indicate that the rut got shallower rather than deeper for short periods 
during the test. This behaviour is possible in a viscoelastic material if the load is offset by a certain 
amount from the measurement point (see figure 14.12), for the appropriate number of axle passes. 
However, in the absence of any documented evidence that this was indeed the case, it seems more 
likely that these points are due to measurement errors and therefore should be discounted.
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Transverse load distribution

Rut depth, 5 = D jf D 2

Fig. 14.13 Method for calculating mt depth.

Before 0.25x106 load passes the theoretical model does not fit measured permanent deformation. 
From figures 14.10 and 14.11 it can be concluded that this initial deformation occurred when the 
asphalt viscosity was at its highest (weeks 1 to 28) and the number of passes per week was lowest. 
It is apparent that this behaviour is not linear viscoelastic since a high asphalt viscosity and a low 
number of load passes would result in low permanent deformation. This initial behaviour can 
probably be attributed to densification in the asphalt and granular pavement layers where material is 
compacted to an equilibrium density under the action of the initial loads [48]. This behaviour cannot 
be modelled by a linear viscoelastic model.
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Figure 14.15 shows the cross section of the predicted rut calculated for week 10 of the test where the 
number of load applications was 5784. This was calculated by using influence functions offset from 
the centra] load axis, and distributing the resulting canalised rut profile according to a normal 
distribution fitted to the lateral distribution of axle loads. The predicted rut profile matches typical 
experimental results well [167].

f

Lateral position from centre of rut / mm

Fig. 14.15 Cross section of predicted rut profile for week 10. From [143].
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14.7 CONCLUSIONS

(i) A simple methodology for calculating rutting behaviour of flexible pavements has been 
described. The calculation uses existing linear elastic layer models of a pavement supplied 
with viscous rather than elastic material properties.

(ii) The predicted residual permanent deformation field is realistic and independent of material 
elasticity. Permanent deformation is automatically accounted for in each layer, and the effects 
of temperature are included correctly.

(ill) After an initial compaction period the model predicts that the permanent deformation per 
wheel pass in thick asphalt pavements is proportional to the static axle load and inversely 
proportional to vehicle speed.

(iv) A new method has been developed for predicting asphalt mix viscosity from routine test data. 
Only one parameter 'q' needs to be fitted to experimental data.

(v) The parameter q needs to be measured under representative conditions for a linear 
viscoelastic rutting model. For the mixes tested by Hills, q=0.47 was found to be a suitable 
value. Additional measurements are needed to establish the range of applicability of this 
result.

(vi) The rutting model (with q=0.47) was successfully validated using the results of a full-scale 
accelerated-loading test in France.

A significant disadvantage of this method for calculating road deformation due to vehicles is that the 
creep of some asphalts is found to be non-linear, especially for large strain rates [72, 154, 211]. 
Further validation is therefore required for the wide range of asphalt wearing course materials 
commonly used, before the model can be applied accurately in pavement design. Nevertheless, the 
method is very useful for evaluating important trends and investigating the road-damaging potential 
of heavy vehicles.
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15.] SUMMARY

This chapter examines theoretically the possible mechanisms of fatigue cracking in asphalt pavements 
using linear elastic fracture mechanics (LEFM). The effects of a non-uniform transverse contact 
traction between the tyre and pavement on longitudinal surface fatigue cracking are examined 
theoretically using a finite element (FE) pavement model. Fatigue cracking due to thermal loading is 
also examined using a simplified linear viscoelastic pavement model. Results indicate that 
longitudinal surface fatigue cracking is unlikely to occur due to the non-uniform transverse contact 
traction. However, for short longitudinal cracks in the pavement surface, the combined vehicle and 
thermal load cycles may produce conditions that are favourable for fast fracture. Fatigue cracking 
(both longitudinal and transverse) at the base of the asphalt layer is found to be mainly dependent on 
the pavement geometry and the magnitude of the normal load.

This chapter is based on work previously published in [140].

15.2 INTRODUCTION

Almost all mechanistic flexible pavement design procedures calculate the fatigue life of pavements by 
considering the tensile stress or strain at the bottom of the bound asphaltic layers (see, for example 
[77, 192, 364]). These design procedures assume that fatigue cracks originate at the bottom of the 
bound layers and propagate vertically upwards towards the surface of the pavement, under the 
influence of the stress field produced by the contact between the tyre and pavement. Assuming a 
uniform normal contact traction, the maximum horizontal tensile stress in a continuous pavement 
structure occurs at the bottom of the bound layers, and the maximum horizontal compressive stress 
occurs at the surface of the pavement [72, 94]. However, core samples taken from cracked flexible 
pavements in the UK [457] and recent observations of cracked flexible pavements in Japan [328] 
have shown that cracks can often originate at the top surface and propagate down towards the bottom 
of the bound layers. The phenomenon of surface cracking cannot be explained using only the tensile 
stress at the bottom of the bound layers because the horizontal stresses and strains generated in the 
upper half of the asphalt layer are always compressive [72,96].

More recently, researchers have hypothesised that the surface cracking phenomenon may be related 
to the non-uniform three dimensional contact traction distribution between the tyre and pavement, 
which induces large horizontal tensile stresses in the top layer of the pavement [260, 261]. 
Measurements performed on free-rolling car and truck tyres have shown that, in addition to the 
normal contact traction, there can be large transverse and longitudinal shear tractions acting in the 
contact area (see, for example [112, 303, 461]). Jacobs and Moraal [261] calculated primary 
pavement responses to a complex three dimensional contact traction distribution using the linear 
elastic pavement analysis program BISAR. Each component of the contact traction distribution was 
simplified into a number of circular areas where the traction was assumed constant (123 areas in 
total). The stress at each point on the surface of the pavement was then calculated by superimposing
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the stress due to each of the constant traction regions. They calculated that the theoretical fatigue 
damage at the surface of the pavement, due to the transverse component of the contact traction 
distribution, was up to 70 times the fatigue damage at the base of the asphalt layer due to the vertical 
load. However, they did not account for the variation of horizontal stress with depth through the 
asphalt layer. Matsuno et ai (328) also hypothesised that longitudinal surface cracks occur at high 
pavement temperatures due to the large transverse tensile stress close to the edge of the tyre.

Both surface and base cracking in asphalt pavements has also been related to horizontal tensile 
stresses induced in the asphalt layers by daily temperature cycles (see, for example f 150. 399)). 
Lytton and Shanmugham [311] developed a mechanistic surface fatigue model using an FE program 
to calculate the horizontal tensile stresses induced in the pavement due to thermal loading cycles. 
They validated damage predictions from their model with experimental data from cracked pavements 
in the USA. However, they found that their model required large amounts of computer time and they 
obtained a poor correlation between predicted and measured fatigue cracking damage.

Fast fracture of the asphalt material due to rapid falls in temperature is also thought to be a possible 
cause of surface cracking [237, 271 ]. Hills [237] developed a nomograph for predicting the critical 
fracture temperature for a wide range of bitumen types. He found that the critical temperature was 
independent of the rate of cooling in the temperature range of interest, and only dependent on the 
properties of the bituminous binder.

The main objectives of this chapter are to examine theoretically the possible mechanisms of fatigue 
cracking in flexible pavements operating under a wide range of traffic and thermal loading conditions 
using linear elastic fracture mechanics (LEFM). Longitudinal cracks originating at the surface and 
both longitudinal and transverse cracks originating at the base of the asphalt layer are considered. 
This chapter is divided into three main sections. The first and second sections examine theoretically 
the horizontal stresses and strains throughout the asphalt layer due to non-uniform contact tractions 
and thermal load cycles respectively. The third section uses the stresses calculated in the first two 
sections and examines theoretically the likely surface and base cracking rates due to both types of 
loading.

15.3 PRIMARY RESPONSES DUE TO A NON-UNIFORM CONTACT 
TRACTION DISTRIBUTION

This section describes the pavement structural model and loading conditions used to investigate the 
stress system generated in the asphalt layer of a pavement due to a non-uniform contact traction.

15.3.1 Loading Conditions

Jacobs and Moraal concluded from their research that the transverse component of the non-uniform 
contact traction contributed most significantly to the high surface stresses observed at the edge of the 
tyre-pavement contact area [260, 261]. Consequently, in this study, the effects of the transverse 
surface tractions were investigated by assuming that the normal and transverse tractions acting in the 
contact area are rolationally symmetric about the vertical axis through the centre of the tyre The 
normal contact traction was assumed to be uniformly distributed over the contact area, while the 
transverse contact traction was assumed to be zero at the centre of the tyre, increasing linearly 
towards a maximum value at the tyre edge. This is a reasonable approximation for pneumatic (>res 
[112]. The magnitude of the unifonn normal contact traction p0 and the magnitude of die maximum 
value of the shear contact traction qo were both IMPa and the radius of the contact area j was 
0.125m (see figure 15.1). These loading conditions are used throughout this chapter.

The stress system set up in the pavement can be described in terms of the following Cartesian 
components au% <J)y, and Xxy (figure 15.1). For longitudinal surface cracking, the stress 
component of primary interest is the transverse direct stress aм along the line > =0 The
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corresponding stress components for longitudinal and transverse cracking from the base of the 
asphalt layer are a ^  along the line y = 0 and o)y along the line x -  0 respectively. For a single 
load, these components are equal = a yv). The stress component along the line y = 0 
will be referred to as the transverse stress throughout this chapter.

Fig. 15.1 Idealised axi-symmeuic contact traction distribution between tyre and pavement. From [140].

]5.3.2 Simplified Analysis: Plane Strain Elastic Half Space Model

Before a realistic model is presented, it is helpful to examine the theoretical transverse stress in a 
simplified system. Consider a general point (x, z) in a plane strain elastic half space. The transverse 
stress Gjn due to a normal contact traction p{x) and a transverse contact traction q{x) acting over 
a strip - a  < x £ a% is given by Johnson [264] as:

where x
z

я ц
is the horizontal distance from the centre of the loaded strip, 
is the vertical distance below the surface of the half space and 
is a dummy variable in the x direction.

(15.1)

If the normal contact traction is assumed uniform p(x) = p0, and the transverse contact traction is 
assumed to be zero at the centre of the loaded strip rising to a maximum value q0 at x = - a and a 
minimum value -<70 a tx  = + a > equation 15.1 can be integrated in closed form, giving the 
transverse stress at either edge of the loaded strip x = ±a:

(15.2)
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In the limit at the surface of the half space equation 15.2 gives:

t im (O x x (± a t z)) = C\ ln(z) + C2, ( 1 5  3 )
z->0

where Ci = and
%

From equation 15.3 it can be seen that as z tends to zero, the stress becomes logarithmically singular 
with an infinite stress at the surface (z = 0). This singularity at cither end of the contact strip is due 
to the discontinuity in transverse contact traction at this point. Figure 15.2 shows equation 15.2 
plotted on semi-logarithmic scales as a function of depth through the pavement. Also shown in 
figure 15.2 arc two corresponding curves for different triangular distributions of transverse contact 
traction (also shown in figure 15.2) with no discontinuity at the edges of the loaded strip, 
representing more realistic traction distributions (461). The transverse stress was calculated by 
numerically integrating equation 15.1 with the appropriate loading conditions. For both the 
triangular distributions of contact traction, the stress is no longer singular at the surface. The 
maximum value depends on the position of the maximum transverse contact traction in relation to the 
edge of the loaded strip.

Distance below the pavement surface, z / m

Fig. 1 S.2 Transverse stress at the edge of the load (jt = a)  as a function of distance below the pavement surface for 
different transverse contact traction distributions. From 1140].

It can also be seen from figure 15.2 that the different loading geometries only affect the transverse 
stress very near to the pavement surface (z £ 10mm). Consequently, if the stress at the surface is 
used to estimate a reduction in fatigue life, the exact functional form of the loading conditions arc 
critical: the discontinuous loading assumed in [261] gives an unrealistic infinite stress concentration 
If a fracture mechanics approach is used to estimate the likely surface cracking rates, the details ot the 
transverse stress at surface are less critical since the calculation procedure is based on the transverse 
stress distribution throughout the asphalt layer (see later).
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15.3.3 Finite Element Analysis 

Pavement Structural Model

Finite Element Analysis (FEA) was used to investigate the stresses in a more realistic pavement 
system. The pavement was modelled as an axi-symmetric linear elastic structure, consisting of three 
layers; an asphalt surface layer» a granular base layer and a semi-infinite subgrade or soil layer. The 
loading conditions are described in Section 15.3.1. The stresses were calculated using the ABAQUS 
finite element code [235]. The mesh used in the analysis was finest at the edge of the contact patch 
where large stress gradients were expected. Axi-symmetric 8-node quadrilateral elements were used.

Pavement structures of three different thickness were considered. They were designed to correspond 
to a lightly trafficked pavement (case A), a moderately trafficked pavement (case B) and a heavily 
trafficked pavement (case C). The thickness of the asphalt layer for each case was obtained from the 
thickness design curves developed by the Transport Research Laboratory (TRL) for typical pavement 
operating conditions in the UK [10].

For each of the three cases, the elastic modulus of the asphalt layer £j was varied, while the modulus 
of the base E2 was fixed, so that EJE2 = 10,50 and 100,. This enabled investigation of the effects 
of variation in elastic modulus ratio on the stresses generated in the asphalt layer. The value of the 
subgrade elastic modulus E$ and Poisson’s ratio for all three layers vh v2 and v3 were held 
constant during the analysis. Table 15.1 gives full details of the three pavement structures used, and 
all the material properties for each case.

Structure Asphalt Surface Layer Granular Base Layer Subgrade Layer

A
Thickness: 125 mm 
Modulus: 1.50,7.50, 15.0 GPa 
Poisson's Ratio: 0.35

Thickness: 250 mm 
Modulus: 150 MPa 
Poisson's Ratio: 0.35

Thickness: «* 
Modulus: 50 MPa 
Poisson's Ratio: 0.35

B
Thickness: 250 mm 
Modulus: 1.50,7.50, 15.0 GPa 
Poisson's Ratio: 0.35

Thickness: 250 mm 
Modulus: 150 MPa 
Poisson’s Ratio: 0.35

Thickness: «  
Modulus: 50 MPa 
Poisson's Ratio: 0.35

C
Thickness: 350 mm 
Modulus: 1.50,7.50, 15.0 GPa 
Poisson's Ratio: 0.35

Thickness: 250 mm 
Modulus: 150 MPa 
Poisson's Ratio: 0.35

Thickness: «  
Modulus: 50 MPa 
Poisson’s Ratio: 0.35

Table 15.1 Details of the pavement structures and material properties used in the FE analysis.

Effects of Elastic Modulus Ratio

Figure 15.3 shows the calculated transverse stress at the surface as a function of radial distance from 
the centre of the contact patch for pavement B, with modulus ratios E{/E2 = 10,50 and 100 
calculated by ABAQUS. The numerical FE results do not reproduce the stress singularity at the edge 
of the tyre (as attempted in [261]) due to the discontinuity in transverse contact traction at this point. 
Instead the stress rises to a finite value dependent on the fineness of the FE mesh and the exact details 
of the transverse contact traction distribution. For the mesh used here, the FE results are accurate to 
within approximately 2 elements of the edge of the contact patch. It can also be seen from figure
15.3 that the surface of the pavement is in tension over a relatively small region centred around the 
edge of the loaded area. Increasing the modulus ratio tends to reduce the transverse tensile stress at 
the surface of the pavement.

Figure 15.4 shows the transverse stress at the edge of the tyre as a function of depth through the 
pavement for structure B, again with modulus ratios EJE2 = 10,50 and 100. The transverse stress 
is tensile at the surface, but it changes rapidly and becomes compressive by about 10mm below the 
surface. It then remains compressive until the lower half of the asphalt layer where it changes again
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to become tensile due to bending. Increasing the modulus ratio tends to decrease the transverse 
tensile stress near the surface and increase the transverse tensile stress in the bottom half of the 
asphalt layer. In order to explain these effects it is helpful to consider the stresses produced by the 
normal and transverse contact tractions acting separately.

Fig. 15.3 Transverse surface stress (z = 0) as a function of distance from the centre of the load for different 
modulus ratios and pavement structure B. From [ 140].

0 0.05 0.1 0.15 0.2 0.25

Distance below the pavement surface, z / m

Pig. 15.4 Transverse stress at the load edge (x = a ) as a function of distance below the pavement surface for 
different modulus ratios and pavement structure B. From [ 140].

"The transverse contact traction produces a theoretically singular, transverse stress at the tyre edge on 
the pavement surface. This stress is narrow, centred around the tyre edge, and is most sensitive to 
Ihe magnitude and dimensions of the shear contact traction. Consequently, changing the elastic
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modulus ratio and/or the thickness of the asphalt layer will not greatly affect the stress field produced 
by the transverse contact traction.

Superimposed on this stress field are the stresses due to the normal load. This produces transverse 
bending stresses that are compressive in the top half and tensile in the bottom half of the asphalt 
layer.

To explain the effects of a variable modulus ratio and asphalt layer thickness on these bending 
stresses it is convenient to consider the simpler system of an infinite Euler beam of elastic modulus 
El and thickness h on an elastic (Winkler) foundation of stiffness £2 subjected to a concentrated 
unit load. This is a reasonable assumption, provided the modulus ratio between the asphalt layer and 
the granular layer is large. It can be shown that for a given beam width, the compressive bending 
stress at the surface of the beam and ^jisile bending stress at the base of the beam directly under the 
load vary in proportion to (e, / Е2Л5) [219]. Consequently, increasing the ratio of beam modulus
to foundation modulus E Jfy  for a given beam thickness A, increases both the tensile stress at the 
surface and the compressive stress at the base of the beam by (EJE2 )l/4.

Therefore, for the combined traction system, increasing the modulus ratio tends to decrease the 
transverse tensile stress at the tyre edge near the pavement surface and increase the transverse tensile 
stresses in the bottom half of the asphalt layer. The overall result is that for higher modulus ratios, 
the surface area and depth of material in transverse tension decreases.

The variation of transverse bending stress directly under the centre of the loaded area (traditionally 
used in pavement fatigue calculations) is shown in figure 15.5 as a function of depth through the 
pavement, for the same pavement structure, with various modulus ratios. The transverse stress is 
compressive at the surface, increasing monotonically with depth, and becoming tensile in the bottom 
half of the asphalt layer. This stress distribution is dominated by the uniform normal traction, with 
no contribution from the addition of the transverse contact traction in the contact area. This is 
because the value of the axi-symmetric transverse contact traction is zero at the centre of the tyre 
(x -  0). Consequently, as before, increasing the modulus of the asphalt layer, increases both the 
compressive transverse stress at the surface and the tensile transverse stress at the bottom of the 
asphalt layer by approximately (EJE2 )
Effects of Asphalt Layer Thickness

Figure 15.6 shows the transverse surface stress as a function of radial distance from the centre of the 
contact area for pavement structures A, B and C, all with a modulus ratio of EJE2 = 100. The 
stress distribution for the thinner pavement (A) is effectively shifted downwards compared to that for 
the thicker pavement (C). The calculations show that no material is in tension for the thinner 
pavement (C). (The height of the stress at the edge of the tyre depends on the mesh used in the FE 
model. A finer mesh would show a small area in tension associated with the theoretical singularity.)

This behaviour can again be explained by considering the simplified Euler beam on a Winkler 
foundation system. For this system, decreasing the thickness of the beam A for a given ratio of 
beam modulus to foundation modulus £ ]/£ ^ , increases the compressive bending stress at the top 
and tensile stress at the bottom of the beam by (1 /Л)5 . This increase in compressive stress due to 
the normal load p exceeds the tensile stress due to the shear traction q.

It can also be seen from the beam model that the bending stresses are more sensitive to changes in 
beam thickness <r«(i/A)3/4 than changes in the ratio of beam modulus to foundation modulus 
o (Ej / £2) '" .  For the FE model this can be observed from figures 15.3 and 15.6.

Effects o f Tyre Configuration

Dual tyres can significantly influence the horizontal stress at the base of the asphalt layer (the stress 
component traditionally used in fatigue calculations). The superposition of the two overlapping 
stress influence functions, either increases or decreases the magnitude of the effective fatigue stress
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cycles depending on the pavement structure and so is an important consideration in damage 
calculations.

By contrast, the surface area in transverse tension at the edge of the contact area (figure 15.3) is not 
Significantly influenced by the second tyre due to the very small region in transverse tension.

Distance below the pavement surface, z / m

Fig. 15.5 Transverse stress at the centre of the load (x  = 0) as a function of distance below the pavement surface 
for different modulus ratios and pavement structure B. From [140).

layer thicknesses and a modulus ratio of 100. From [140].
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15.4 PRIMARY RESPONSES DUE TO PERIODIC THERMAL LOADING

In order to calculate the transverse thermal stresses generated in a typical asphalt surface layer due to 
cyclic thermal loading it was assumed that the bottom of the asphalt layer was attached to a fixed rigid 
boundary (see figure 15.7). In a previous study it was shown that this assumption gives an upper 
bound solution to the transverse thermal stresses in the asphalt layer away from the pavement edges 
(see [137] for further details). A plane strain formulation was used, and the asphalt was modelled as 
a linear viscoelastic material with constant material properties.

Pavement edges

Fig. 15.7 Schematic view of the pavement cross-section showing the limiting case. From [140J.

The following section briefly summarises the solution to the viscoelastic problem. Results from the 
linear viscoelastic model with constant material properties are compared to results from the full non
linear viscoelastic model with temperature dependent material properties. The full non-linear solution 
is detailed in reference [137]. Both models are based on the linear elastic solution, which is 
presented first.

ISA. I Asphalt Layer Temperature Distribution

To calculate transverse stresses due to thermal loading, the temperature distribution through the 
asphalt layer T(z,t) is required as a function of time. Assuming a general surface temperature 
variation, it can be shown that the solution to the one-dimensional heat conduction equation for a 
semi-infinite solid reduces to [137]:

T(z,t) = Гт  + £  7?° sin(®, г - V , -  zV<a,/2A). (15.4)
1=1

where T(z,t) is the pavement temperature at depth z and time f,
71 is the mean surface temperature,
T™ is the surface temperature amplitude at angular frequency 0)h 
iff; is the surface temperature phase lag at angular frequency 0)it 

is the number of frequency components in the summation and 
A is the thermal diffusivity of the asphalt (conductivity/density x specific heat).

For a sinusoidal surface temperature variation with a single frequency corresponding to a loading 
period of 24 hours (a>0), equation 15.4 simplifies to:

T(z.t) = Tm + f / 0) 5(ПЦ  , - у , 0 - Zl/<uo/2A). (15.5)
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15.4.2 Transverse Linear Elastic Stress

Assuming that the asphalt layer is fully restrained vertically (sec Figure 15.7), the transverse linear 
elastic stress is a function of depth and time only, and can be shown to be given by the 
following expression [63]:

where G is the elastic shear modulus of the material,
K  is the elastic bulk modulus of the material, 
a  is the coefficient of thermal expansion.

15.4.3 Transverse Viscoelastic Stress

The transverse viscoelastic stress solution <7̂  can be obtained from the elastic solution (equation 
15.6) using the elastic viscoelastic correspondence principle [182]. Assuming that the deviatoric 
behaviour of the asphalt can be modelled as a temperature dependent Maxwell material and the 
asphalt is incompressible (K = «»), the transverse viscoelastic stress <j^  is the solution to the 
following non-linear (initial value) differential equation (sec [137J for further details):

< £ ( * .0 + f ê ?  "  е д Ц (г' , ) = -6G^ aT{lJ'> <15 7)

where à  = do/dt etc,
2G(/) is the temperature dependent elastic component of the Maxwell model, 
r}(t) is the temperature dependent viscous component of the Maxwell model, and 
t is time.

Note that the Maxwell material properties will vary as a function of temperature. However, since the 
temperature is a function of time, the Maxwell material properties may be thought of as lime varying.

If the deviatoric material properties are assumed to be constant (not dependent on temperature), the 
problem becomes linear and it can be shown that the complex amplitude of the transverse viscoelastic 
stress may be expressed in terms of the complex amplitude of the transverse clastic stress (equation 
15.6) and the frequency of temperature variation (see [137] for further details):

G ^  (z, id)) = (2. (15.8)

where *• = — , / = V-T,
1JÛ)

cr£ and Gи  are complex quantities,
2G is the constant elastic component of the Maxwell model and 
7} is the constant viscous component of the Maxwell model.

The effect of changes in temperature gradient on transverse stresses can also be examined using 
equation 15.8. For a sinusoidal variation in surface temperature described by equation 15.5, the 
magnitude of the maximum temperature gradient is given by:

И Ш 1  =(O0T}0). (15 9)
** max

Substituting equation 15.9 into the expression for к in equation 15.8 gives:

2GT}0)
tr  — ____ i___

л х  o.r)
*1

‘  A max

115 10)
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Figure 15.8a shows a plot of the magnitude of the normalised viscoelastic stress (calculated from 
equation 15.8) over a wide range of values for k. The dependence of the viscoelastic stress on both 
the viscosity and the thermal gradient is evident using equation 15.10. The viscoelastic stress <7̂  
tends to the elastic stress <т£ as K -» 0, ie the material viscosity or the cooling gradient become 
large (f) or |ЛгУ<?г|пш -и » ) . At the other extreme к  -► <», where either the material viscosity 
or the cooling gradient tend to zero ( tj 0, or |<?7y<9r|max 0), the magnitude of the viscoelastic
stress tends to zero. This is because the viscoelastic stresses generated in the system can relax at a 
faster rate than they accumulate due to thermal expansion.

Figure 15.8b shows the phase lag between the viscoelastic and elastic stresses as a function of K 
calculated from equation 15.8. For k -» 0 , ie large values of material viscosity or large cooling 
gradients (77 -> » , or (ЛГ/Л),^ where the viscoelastic solution tends to the elastic solution, 
the phase lag tends to zero as expeclea. The phase lag between the viscoelastic stress and the elastic 
stress increases as K -» <»t tending towards a constant value of я/2 (90° ).

Fig. 15.8 Nonnalised harmonic viscoelastic stress transfer function, (a) magnitude, and (b) phase. From (140).
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15.4.4 Estimation o f Asphalt Material Properties

To determine the viscoelastic stresses from equations 15.7 and 15.8, the asphalt material properties 
are required. The following sub-sections describe the methods used to obtain these properties for a 
typical asphalt mix.

Therm al diffusivity A

The thermal diffusivity of a typical asphalt surface layer was estimated by fitting equation 15.4 to 
experimental temperature data, previously measured over a seven day period on a section of the TRL 
test track [221]. The procedure involved calculating the Fourier Transforms of the temperature time 
histories at three depths, and least-squares fitting the thermal diffusivity to the five largest frequency 
components. Full details of this procedure can be found in reference [137]. The value of thermal 
diffusivity determined from this data was A = 5.3 x КГ* m2/s. This value is used throughout this 
chapter.

Determination o f Maxwell Model Material Parameters 2G and 17

To calculate the viscoelastic stress from equation 15.7 the temperature dependent shear elasticity 
(2G) and the shear viscosity (77) of the Maxwell model are required. These properties arc not 
constant since they depend on the temperature of the asphalt layer which varies with time. To 
estimate these temperature dependent values, the creep response of a Maxwell model was fitted to 
shear creep compliances of an asphalt mix over a wide range of temperatures. The asphalt mix used 
for determination of the Maxwell model material parameters had the following specification; Ring 
and Ball Softening Temperature Tr&b = 50*C, Penetration Index PI = -0.5, and percentage 
Voids in Mixed Aggregate VMA = 21%. This asphalt mix specification was used throughout this 
chapter.

The shear creep compliances of the asphalt mix were obtained from the shear creep compliances of 
pure bitumen using equation 14.16. The shear creep compliances of the pure bitumen were obtained 
from the Van der Poel Nomograph [476] using G = E/3.

The constant values of the shear elasticity (2G) and the shear viscosity (77) required by equation
15.8 were chosen to be their mean values over the duration of the simulation at the appropriate depth.

75.4.5 Transverse Stress Results

Figure 15.9 shows the transverse surface stress as a function of time predicted from equations 15.7 
and 15 8̂ for an asphalt layer thickness of 250mm. The mean temperature Tm and half temperature 
range TT(0) in equation 15.5 were taken as 0°C and 5°C respectively. The most striking feature of 
the two solutions shown in figure 15.9 is the difference in shape of the curves. The curve 
corresponding to equation 15.8 is sinusoidal (as expected for a linear system) compared with the 
non-sinusoidal curve predicted by equation 15.7. There is also a difference in phase of 
approximately 2.5 hours between the maximum stress predicted by the two models. This is due to 
non-linearities introduced into equation 15.7 by the temperature dependent material properties. 
However, due to the use of the mean values of material properties in the linear solution (equation 
15.8), the difference in the magnitude of the peak stress predicted by the two models is small.

Figure 15.10 shows the maximum stress as a function of distance through the pavement for both 
solutions under the same thermal loading conditions as above. Although the two solutions show 
time dependency at each depth (see figure 15.9), the variations in peak stress with depth are similar.
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Fig. 15.9 Transverse surface stress as a function of time. From [140].
------------= Non-linear solution (equation 15.7);................ .... Harmonic solution (equation 15.8).

Depth below pavement surface, z / m

Fig. 15.10 Peak transverse stress as a function of distance below the pavement surface. From {140].
------------= Non-linear solution (equation 15.7);................ ....  Harmonic solution (equation 15.8).

15.5 CRACKING DAM AGE

In the following section the fracture mechanics of asphalt pavements is considered along with the 
likely longitudinal cracking rates, from both the surface and base of a pavement, due to the 
transverse stresses induced by traffic and thermal loading calculated in previous sections.
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15.5.Î Theory o f Fracture Mechanics Applied to Cracking in Flexible Pavements

Cracking in asphalt pavements can be modelled as a fatigue phenomenon using linear elastic fracture 
mechanics (LEFM). It is assumed that fatigue cracks start from macroscopic pre-cracks (flaws) 
existing in cither the surface or base of the asphalt layer. It will be assumed that the cracks propagate 
normal to the direction of maximum tensile stress (ie mode I crack growth). 'Ibis assumption, which 
is commonly made in fracture mechanics, is supported by experimental evidence for fracture in 
metals [233]. At low temperatures the asphalt behaves in a brittle manner and cracks might propagate 
by fast fracture, whereas at higher temperatures cracks are more likely to propagate by progressive 
micro-plastic straining at the crack tip. It will further be assumed that asphalt behaves as a 
homogeneous linear elastic material and crack growth is not hindered by individual aggregate 
panicles.

Stresses in the Vicinity o f a Crack

Figure 15.11 shows a mode I edge crack of length c in a semi-infinite plate of thickness h in a slate 
of plane strain. The plate is subjected to some remote loading normal to the plane of the crack An 
element in the plate dxdz a distance p  and angle 6 from the crack tip experiences stresses of the 
following genera] form (eg [68]):

05 H)
where fij accounts for the orientation of the element in relation to the plane of the crack.

The factor Kf is known as the mode I stress intensity factor which describes the stress field in the 
vicinity of the crack tip. Kt depends_on the form of remote loading. For example, a uniform tensile 
stress (T(z) = 0*°° gives Kl -  a°°^fnc g(c/h), where the function g describes the dependence on 
plate geometry. When the stress intensity factor К/ reaches a critical value Kic, a crack in the 
material will propagate by fast fracture. Ktc is the mode I critical stress intensity factor (or fracture 
toughness) and is a materia) constant. Typical values of K!C for asphaltic materials obtained from 
the literature are given in Table 15.2. It can be seen from equation 15.11 that at the crack lip (p = 0) 
the stresses are singular. However, in reality the material around the crack lip deforms plastically or 
viscoelastically to keep these stresses finite. This plastic process zone is assumed to be small 
compared to the crack length and specimen dimensions and the material outside the process /one is 
assumed to be linear elastic.
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Reference К ц /  MN tm)ri
Ramsamooj [381] 0.428 (sand asphalt) 

0.604 (asphalt concrete)
Bahgat and Herrin [41] 0.55-0.77
Salam and Monismith [401] 0.6-1.2
Dongre [163] 0.67-1.03
Majidzadeh [317f 0.33 (fatigue)

0.04 (static fracture)

Table 15.2 Typical values of fracture toughness of asphalts.

Assuming a Von Mises criterion describes the yield condition of the material ay [68], the size of the 
process zone ahead of the crack tip (0 = 0) (for a plane strain crack) may be estimated from 
rp =[K/(1 - 2 v f  . Taking Poisson’s ratio as u = 0.35, the yield stress as ay = 5.3 MPa
from [381], and assuming the specimen is at the point of fast fracture (Kj = * /c). typical values of 
rp for asphaltic materials range from 55pm to 733 pm for asphaltic materials exhibiting elastic 
behaviour (ie low temperatures or high strain rates). Consequently, the plastic zone can be 
considered small compared to the crack length and plate dimensions.

Due to the variation in far field stress, the mode I stress intensity factor varies with a range 
AKj = -  K fm during one loading cycle. If is negative, signifying that the crack closes
for part of the loading cycle, AK} is usually taken as A'/max for fatigue calculations [233].

Empirical Relations Describing Crack Growth

The most commonly-assumed relationship between rate of crack growth and stress intensity factor 
range is the Paris law [449]:

%  = Д *,)я, (15.12)

where c is the crack length,
N is the number of applied loads,
AKj is the mode I stress intensity factor range for one load cycle and 
A and n are a material constants.

Failure of the asphalt layer may occur under two conditions:

(i) Fast fracture will occur for a critical crack length that satisfies the condition = K!C.

(ii) Fatigue failure will occur when a fatigue crack extends all the way through the asphalt layer. 
The number of cycles (Ny ) required to extend a crack through an asphalt layer of thickness h 
may be calculated by integrating equation 15.12:

Nf  = ! dc% (15.13)

where ca is the initial crack length in the pavement.

Experimental studies using slabs of asphalt have shown that reasonable values for c(t are between 
4mm and 10mm [382].

An important shortcoming of the LEFM approach to cyclic fatigue of asphalt pavements is the 
assumption that the material is linear elastic and homogeneous outside the crack tip process zone. 
This is a reasonable approximation for asphaltic materials at low temperatures and/or high strain 
rales, but not at higher temperatures where there is significant creep deformation.
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Determination o f the Stress Intensity Factor, K j

Assuming that the elastic modulus of the asphalt layer is at least an order of magnitude greater than 
the elastic modulus of the granular base layer, the pavement can be modelled as a plate in plane strain 
with a crack propagating from one edge towards the other (see figure 15.11). It can be shown 1449J 
that for a non-uniform stress distribution normal to the crack plane, the mode I stress intensity factor 
is given by the convolution integral:

o
where (7W is the normal stress across the location of the crack due to the applied loads, in the 

absence of a crack and
Ç is the 'weight function', is the stress intensity factor at the lip of a crack of length c 

for a unit point load at position z.

The weight function Ç(z,c\M) for a crack in a plane strain plate is given by Tada as [449]:

A numerical approximation to the function W(zlc,cfh) is given in reference [449].

In order to determine the stress intensity factor from equation 15.14, the transverse stress, au , due 
to the applied loads in the absence of a crack needs to be calculated as a function of depth z. FEA 
was used to calculate this stress for surface and base cracks due to vehicle loading, and equation 15.8 
was used for surface and base cracks due to thermal loading.

To account correctly for the singular stress at the edge of the tyre-pavement contact area for cracks 
originating at the surface, the FEA results were modified by adding the theoretical logarithmic 
singularity to the solution as z —> 0. The gradient of the logarithmic singularity (with respect to 
depth z) was determined from the slope of the solution for a linear elastic plane strain half space, for 
small values of z (constant C, in equation 15.3). Theoretically, the axi-symmetric layered solution 
and the plane strain half space solution converge as z -> 0 since for small values of z, the radius of 
the load becomes very large compared with the distance below the surface, and the circular load can 
be replaced by a line load (ie a plane strain solution). The transition point where the two solutions 
were blended together was determined so that the stress gradient dojdz on logarithmic scales for the 
combined solution was continuous.

Figure 15.12 shows the transverse stress as a function of distance through the pavement for a 
modulus ratio ExjE2 = 10, and an asphalt layer thickness of 250mm (pavement case B). The circles 
show the numerical values from the FE model and the dashed line shows the plane strain solution 
predicted from equation 15.2. For small z, the two solutions converge until approximately 1mm 
below the surface where the stress predicted by the FE model tends to a constant finite value of
1.9 MPa at the pavement surface. This is due to the inability of FE solutions to accommodate 
singular stresses and step functions in loading. The combined stress (the original FE results 
modified at small z as described above) used to calculate the stress intensity factor is shown in 
figure 15.12 by the solid line.

c
(15.14)
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Distance below the pavement surface, z / mm

Fig. 15.12 Transverse stress at the edge of the load (x  =  a) as a function of distance below the pavement surface for 
a modulus ratio of 10 and pavement structure B. From [140].

The addition of the logarithmic stress singularity does not affect the ability to evaluate equation 15.14 
numerically. This can be seen by expressing equation 15.14 as:

K ,= \ Ç(z,c.h)ou (z)dz+ J Ç(z,c,h)oa (z)dz, (15.16)

where S « c .

Substituting the plane strain solution for O ^ z )  as z -» 0 (equation 15.3) into the first integral of 
equation 15.16 gives:

6 c
AT, = J Л (C, ln(z) + q  )<fe + J f U,c. A) <ти  (z) rfz, ( 15.17)

0 6
where A is the asymptotic value of the weight function Ç(z,c,h) as z -> 0.

Evaluating the first integral in equation 15.17 yields:

K, = A S [c { (ln(<S)-l) + Cj]+}c(z,c,A) aIX(z)dz.
S

In the limit at the surface (6 -> 0) equation 15.18 gives:

(15.18)

A:,=jÇ(z,c,h)au (z)dz, 
S (15.19)

Consequently, although the stress 0^ ( 2) is logarithmically singular at the surface of the pavement 
(z = 0), the convolution integral for the stress intensity factor (equation 15.19) is not singular and 
can be calculated using a numerical integration technique.

Determination of Fatigue Param eters A and n

Fatigue parameters A and n are required to determine the rate of cracking from the Paris Law 
(equation 15.12). Majidzadeh et aL [315] found from fatigue tests on asphaltic beam specimens that
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values of n ranged from 0 to 4 depending on the amount creep deformation present. They concluded 
that n = 4 is appropriate for analysis of pavement systems where the effects of creep arc negligible 
(ie low temperatures/high strain rates). Salam and Monismith also found that at low temperatures, a 
fatigue exponent of n = 3.8 fitted their crack propagation experiments [401], Other values found in 
the literature range from 1.97 to 6.57 depending on the properties of the asphalt and the ageing of the 
mix [69, 311]. For the rest of this chapter, the constant value of n = 4 has been used.

Brooker et al. [69] measured the fatigue parameter A for a range of asphalt mix variables. They 
concluded that A was dependent on both the stiffness of the bituminous binder and the composition 
of the asphalt mix. A constant value of A = 5.5 x 10“30 (m7/N 4cyclc) from [69] was chosen for 
typical asphalt mix operating conditions.

By using the same values of A and n for fatigue cracking from both the surface and base of the 
asphalt layer it is possible to examine the relative importance of surface cracking and base cracking 
for a wide range of pavement operating conditions, assuming linear elastic fracture mechanics. Note, 
however, that variation of A and n with temperature is not included in the following analysis.

15.5.2 Stress Intensity Factor Results 

Surface Stress Intensity Factors

Figure 15.13 shows the maximum stress intensity factor as a function of crack length for a crack 
originating at the surface of the pavement due to vehicle loading for pavement structures A, B and C 
with elastic modulus ratios EJE2 = 10,50and 100. It can be seen that as the crack propagates 
vertically downwards, the stress intensity factor first increases and then changes sign and becomes 
negative a short distance (about 10-20mm) below the surface of the pavement. This is in agreement 
with results presented by Bower and Fleck [65] who calculated the stress intensity factor for a 
surface breaking micro-crack perpendicular to the free surface of a brittle half space loaded by a 
Hertzian contact (see [264] for a detailed discussion on Hertzian contact conditions). A negative 
stress intensity factor indicates that the crack is closing up at the tip and will not propagate. 
Increasing the modulus ratio, for a given pavement thickness, tends to decrease both the magnitude 
of the stress intensity factor and the distance below the surface where it changes sign from positive to 
negative (see also figure 15.4). Conversely, increasing the thickness of the asphalt layer tends to 
increase both the magnitude of the stress intensity factor and the distance below the surface where it 
changes sign. These effects are both due to the compressive horizontal stresses induced in the top 
half of the asphalt layer by the normal contact traction discussed previously. The maximum value of 
the stress intensity factor occurs very near the surface, indicating that short cracks of less than 5mm 
will grow most rapidly but will stop growing when they reach a depth of approximately 10-20mm.

Figure 15.14 shows the maximum stress intensity factor as a function of crack length due to thermal 
loading cycles for temperature amplitudes Tg =5°C, 10°C and 15°C in equation 15.5. The 
thermal stresses were calculated using equation 15.8. The mean temperature Tm was taken as 0(,C 
and the thickness of the asphalt layer was 250mm. For all the temperature amplitudes, the stress 
intensity factor remains positive and increases monotonically with crack length indicating that cracks 
will always grow. Increasing the temperature amplitude lends to increase the stress intensity factor 
because the transverse tensile stress induced in the asphalt layer is increased.

Base Stress Intensity Factors

Figure 15.15 shows the maximum stress intensity factor as a function of crack length for a crack 
originating at the base of the surface layer due to vehicle loading for pavement structures A, B and C 
with modulus ratios EJE2 - 10,50 and 100. The stress intensity factor again increases 
monotonically with crack length for all the cases. Increasing the modulus ratio for a given asphalt 
layer thickness tends to increase the tensile stresses in the lower half of the asphalt layer and hence 
the stress intensity factor. Conversely, increasing the asphalt layer thickness tends to decrease the 
tensile stresses in the lower half of the asphalt layer and hence the stress intensity factor.
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Crack length, c  /  m

Fig. 15.13 Stress intensity factor as a function of crack length for a surface crack due to vehicle loading for 
pavement structures A, B and C with different modulus ratios. From [ 140].

Crack length, c / m

Fig. 15.14 Stress intensity factor as a function of crack length a surface crack due to thermal loading for an asphalt 
layer 250mm thick, with different temperature amplitudes and a mean temperature of 0°C. From [140],

Results for the maximum stress intensity factor as a function of crack length for a crack originating at 
the base of the surface layer due to thermal loading cycles are very similar to those for surface 
cracking shown in figure J5.14. The only difference is the smaller stress intensity factors for the 
base cracks due to the reduction in temperature through the asphalt layer.

Surface and Base Crack Evolution

Figure 15.16 shows the evolution of surface and base cracks in pavement structure B (calculated by 
integrating equation 15.12), with modulus ratios Ех/Ег = 10,50 and 100, due to traffic loading only. 
The most striking thing about figure 15.16 is that the surface cracks initially grow quickly, but
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growth arrests at lengths of less than 10mm. This is because the stress intensity factor changes sign 
and becomes negative for a surface crack (see figure 15.13). Decreasing the modulus ratio tends to 
increase the steady state length of the surface cracks. Due to the changing temperature and hence 
modulus ratio of the pavement, these longitudinal surface cracks can be expected to grow to between 
10mm and 20mm before they stop propagating. Conversely, the base cracks begin to grow slowly 
and then accelerate until they extend through the asphalt layer.

Crack length, c / m

R« 15.15 Stress intensity factor as a function of crack length for a base crack due to vehicle loading for pavement 
structures A, B and C with different modulus ratios. From [ 140].
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]5.5.3 Parameter Study
In order to investigate the rates of crack propagation from both the surface and base of flexible 
pavements under typical operating conditions, a number of different pavement structures, operating 
under various thermal cycles and traffic loading rates, were examined.

Even though the stress intensity factors produced by thermal and traffic loading are comparable, the 
rate of cycling due to traffic loading is usually at least three orders of magnitude higher than the rate 
of thermal loading. Therefore, for fatigue cracking from the base of the asphalt layer, thermal 
loading cycles can be neglected compared to vehicle induced stress cycles.

However, for fatigue cracking from the surface, the vehicle induced cracks stop propagating close to 
the surface and only the thermal loading cycles can continue to propagate the cracks. It is therefore 
reasonable to model surface fatigue cracking as a thermally driven process with the starter crack 
produced by the initial vehicle loading, and base fatigue as being driven entirely by vehicle loading.

The rates of cracking from the surface and base of an asphalt pavement are given by the following 
expressions:

Чж)> Чж)д (,SM>
where subscripts s and b refer to cracking at the surface and base respectively,

Ns is the rate of thermal loading at the surface and 
Nb is the rate of traffic loading.

Substituting equation 15.12 into equation 15.20 gives:

с ,= |д ( д к ; ) Л]  W,. с * = [л (д * /А)Л] д  (15.21)

The rate of cracking from the base (q,) can now be normalised by the total rate of cracking (c, +ch) 
assuming Ns = 1 thermal cycle per day and Nb is expressed in terms of cycles (vehicle loads) per 
day:

_ cb
cb+ cs

x!00% =
лг4+ ( даг/ / даг,*)л

-xl00% . (15.22)

A value of 100% corresponds to cracking only from the base, and a value of 0% corresponds to 
cracking only from the surface.

Equation 15.22 is independent of fatigue parameter A and only depends on the power n in the Paris 
equation. A parametric study was performed for a range of traffic and environmental conditions (see 
Table 15.3). The transverse stresses and strains at the bottom of the asphalt layer directly under the 
tyre due to vehicle loading (where the transverse contact traction is not important), were calculated 
using VESYS IIIA [277] instead of the FEA analysis described earlier. Both VESYS and the FE 
model assume the pavement to be a linear elastic layered structure. However, VESYS is based on a 
closed form solution and, since the added complexity of the shear contact traction was not required 
for calculating base stresses, VESYS gives the same results in a fraction of the time required to run 
the FE program. The values of the elastic modulus of the asphalt layer were chosen to be the average 
of the modulus variation over the temperature range for each cell in Table 15.3. The elastic modulus 
of the asphalt mix as a function of temperature was obtained from an equation relating pure bitumen 
stiffness to asphalt mix stiffness [72]. The stiffness of pure bitumen was obtained, as a function of 
temperature, from a computer simulation of the Van der Poel nomograph assuming a loading time of 
0.0125s corresponding to a vehicle speed of approximately 80 km/h.

Table 15.3 shows the normalised percentage base cracking Pb for initial crack lengths of 10mm at the 
top and bottom of the asphalt layer. The table is divided into cells with each cell representing a 
pavement operating under different thermal and traffic loading conditions. The major factors
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affecting base fatigue cracking are: (i) asphalt layer thickness and (ii) traffic loading rale. The major 
factors affecting surface fatigue cracking are: (i) mean daily temperature and (ii) daily temperature 
amplitude. Thermal loading cycles also have an effect on base cracking because the clastic modulus 
of the asphalt is temperature dependent.

^ 1 0 10 20

5 10 15 5 10 15 5 10 15

nJ 100 100 99.7 100 100 100 100 100 100

8 s 100 100 100 100 100 100 100 100 100

X 100 100 100 100 100 100 100 100 100

100 99.9 87.3 100 100 100 100 100 100
O
S s 100 100 98.6 100 100 100 100 100 100

X 100 100 99.9 100 100 100 100 100 100

ü 100 99.3 43.6 100 100 99.9 100 100 100
sri % 100 98.9 88.5 100 100 100 100 100 100

X 100 100 98.7 100 100 100 100 100 100

Key: L = 100 cycles/day 
M = 1,000 cycles / day 
H = 10,000 cycles /day

Table 15.3 Normalised base cracking rales, Pfr

It can clearly be seen from the values of Ph that the only cells for which significant surface cracking 
is likely are where the mean temperature is low, the temperature range is high, the pavement is 
relatively thick and the vehicle loading rates are low. This is an uncommon set of conditions.

A similar picture would be obtained using any initial crack length because both the surface stress 
intensity factor due to thermal load cycles and the base stress intensity factor due to vehicle loading 
increase monotonically with crack length.

Ageing of the asphalt can cause it to become more brittle. This may affect the material at the tips of 
surface cracks, resulting in faster crack propagation and hence lower values of Ph. This hypothesis 
needs further investigation.

Fast Fracture

If at any stage during the life of the pavement the sum of the stress intensity factor induced by vehicle 
loading and the stress intensity factor induced by thermal loading exceed the fracture toughness 
^thermal +  ^  vehicle ^  fast fracture of the asphalt will occur. It can be seen from figures 15.13
and 15.14 that for new pavements this is more likely to happen at the surface due to the high stress 
intensity factors induced by the transverse tyre contact traction, rather than at the base. This may 
explain longitudinal cracks occurring on pavements in warm climates where thermal cooling
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gradients are high {eg [328]). The stress intensity factor produced by the vehicle loading will be high 
because of the low modulus ratio between the asphalt layer and the granular layer, and if there are 
large thermal cooling gradients the thermally induced stress intensity factor may also be fairly high.

15.6 CONCLUSIONS

(i) The transverse contact traction between the pavement and tyre produces a high local stress 
around the edge of the contact patch. This local stress does not lead to significant pavement 
fatigue, but may produce short cracks (10mm) that could act as starter cracks for thermal 
fatigue.

(ii) Cracking from the base of an asphalt pavement is mainly due to axle loads, and is not 
strongly influenced by thermal loading cycles.

(iii) The stresses induced in the asphalt layer due to cyclic thermal loading are strongly dependent 
on the viscosity of the asphalt material.

(iv) The majority of pavements will tend to fatigue from the base of the asphalt layer, except 
under extreme thermal cycles and low trafficking rates.

(v) Premature surface cracking may be due to fast fracture early in the life of a pavement caused 
by addition of the stress intensity factors due to vehicle and thermal loading.

(vi) Predicted rales of cracking using fracture mechanics are strongly dependent on the material 
fatigue properties A and n. More detailed information is required on how these parameters 
vary with temperature.



STIFFNESS LOSS IN FLEXIBLE 
PAVEMENTS DUE TO CUMULATIVE 
LOADING

16

16.1 SUMMARY

A model of the degradation of the stiffness of asphalt road surfaces with cumulative loading is 
described. It predicts the reduction in effective elastic modulus of the asphaltic material in a flexible 
pavement due to cumulative fatigue damage. The model is suitable for use with flexible pavement 
analysis procedures.

Measured surface deflection bowls from a number of test pavements are used with a pavement 
parameter back-calculation procedure, to determine the reduction in stiffness of the asphaltic material 
throughout the life of the pavement. Results show a semi-logarithmic relationship between the 
reduction in asphalt layer stiffness and cumulative fatigue damage. This type of relationship docs not 
agree with a previous theoretical continuum damage mechanics model, where the relationship 
between the reduction in asphalt layer stiffness and cumulative fatigue damage was predicted to be 
linear.

This chapter is based on work previously published in [136J.

16.2 INTRODUCTION

Pavement surface deflections have been used widely for pavement condition monitoring and 
evaluation for many years [278, 487]. Several studies of experimental and in-service pavements 
have shown that there is significant correlation between long-term pavement performance and 
changes in the transient deflection of the pavement surface (see, for example [149,466.487J). In a 
model of long-term pavement performance Ullidtz characterised this relationship as a reduction m the 
effective elastic modulus of the asphalt layer with progressive fatigue damage [466], This modulus 
degradation mechanism is likely to play an important role in pavement damage due to vehicle loads, 
since it will be most influential at locations which suffer increased loading due to dynamic tyre 
forces.

The effects of cumulative fatigue damage on the stiffness of asphaltic material may be examined 
directly in the laboratory or indirectly using surface deflection data from Non-Destructive Testing 
(NDT) of in-service pavements. Each of these methods is discussed briefly in the following 
sections.

J6.2.J Laboratory Testing

Rowe [396] examined the reduction in stiffness of a number of trapezoidal asphalt specimens 
subjected to repetitive sinusoidal loading with controlled stress and controlled strain He found that 
the reduction in modulus of the specimen obtained under controlled stress conditions was a difiercnt
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shape to the corresponding curve obtained under controlled strain conditions (see figure 16.1). 
Similar results have been reported by Tayebali et. al. [452).

Fig. 16.1 Laboratory measured asphalt modulus reduction laws for controlled stress and controlled strain tests.
From Rowe [396].

Monismith and Deacon [339) investigated theoretically the mode of loading of in-service pavements, 
using a number of representative pavement structures. They concluded that under normal 
circumstances the mode of loading tends towards controlled strain when the thickness of the asphaltic 
layers is less than approximately 50mm (except when the asphalt is extremely stiff or the support is 
very weak). The mode of loading tends towards controlled stress when the thickness of the asphaltic 
layers is greater than approximately 150mm (except when the asphalt is extremely weak or the 
support is very stiff).

With the increased popularity of thicker pavement design in the UK, controlled stress type tests are 
likely to better approximate in-situ stress conditions particularly during the early stages of the 
pavement’s life. However, it should also be noted that as a thick asphalt pavement becomes 
progressively damaged by fatigue cracking and the effective thickness of asphaltic material is 
reduced, the mode of loading is likely to tend towards controlled strain.

16.2.2 Non-Destructive Pavement Testing

A different approach to determining the reduction in stiffness due to cumulative fatigue damage is to 
use NDT data collected from in-service pavements. Typically, the pavement surface deflection bowl 
is measured and used in conjunction with a mechanistic pavement model to back-calculate a set of 
layer properties that give a theoretical deflection bow) that best matches the measured data [263]. The 
following section briefly reviews the various methods for measuring the pavement surface deflection 
bowl, reviews back calculation models, and introduces the back calculation model 'VESYSBACK' 
used in this chapter.

16.3 METHODS OF SURFACE DEFLECTION MEASUREMENT

There are essentially three methods used to load pavements, so as to measure the surface deflection 
bowl; (i) static or slow moving loads (eg [242]), (ii) steady state vibratory loads [487] and (iii)
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transient impulsive loads [424]. Each of these methods is discussed briefly in the following sub
sections.

J6.3.1 Static or Slow Moving Loads

This method usually involves applying the load to the pavement surface through the tyres of a test 
vehicle travelling at creep speed {eg deflection beam, Benkelman Beam (BB)). Such a test does not 
excite the dynamic response of the pavement and the test speed (creep speed) is much slower than the 
loading at normal highway speeds. Consequently, the loading time is much longer and the resulting 
modulus is not representative of the modulus determined under typical highway operating conditions 
[411]. This is due to the viscoelastic (or time dependent) response of asphaltic material. Another 
problem with this type of test is measuring the surface deflection bowl accurately, particularly at large 
distances from the applied load [466].

16.3.2 Steady State Vibratory Loads

This method involves applying to the pavement surface, a steady state vibratory load superimposed 
on a static pre-load, and measuring the dynamic response of the pavement surface {eg using the Road 
Rater [487]). The main disadvantage of this method is that the stress levels induced in the pavement 
are significantly lower than those induced by traffic loads, so that the effects of non-linearities in the 
response may not be measured accurately [466].

16.3.3 Transient Impulsive Loads

The third and currently most popular method involves applying a transient load to the pavement by 
dropping a mass from a specified height and measuring the dynamic response of the pavement 
surface {eg Falling Weight Deflectometer (FWD) [242, 417, 424]). The FWD applies a load of 
similar magnitude to a typical heavy vehicle tyre and the duration of the load pulse corresponds to a 
wheel velocity of 60-80 km/h for the upper pavement layer. However, Scbaaly et al. [417] noted 
that although the FWD is the best NDT device available, it does not fully represent the loading 
conditions generated by a moving truck load. For example, the frequency content of the FWD 
signal is from 2-200Hz whereas the frequency content of the load history from a truck travelling at 
typical highway speed is from l-20Hz.

16.4 REVIEW OF BACK CALCULATION MODELS

The subject of back calculation of elastic pavement parameters from measured surface deflection 
bowls has recently received much attention in the literature due to the increased popularity of the 
pavement surface deflection lest as a method of structural evaluation. There has been a proliferation 
of back calculation models (see, for example [225, 312]), which can broadly be classified into two 
groups. Most models involve numerous calls to a linear elastic pavement analysis program [225], or 
non-linear elastic pavement analysis program [80]. The rest involve matching measured deflection 
bowls to a database of deflection bowls computed previously [225].

Typically, most back calculation procedures use a static pavement response model to reproduce the 
deflection bowl generated from either static or dynamic surface deflection tests. For this to be valid, 
the dynamic component of the response of the pavement is assumed to be unimportant and the 
resulting deflection bowl is assumed primarily due to the quasi-static response. This simplification 
was examined by Tam and Brown [45U] who compared the surface deflation bowls calculated using 
static and dynamic pavement models. They concluded that the inertial effects of the pavement are 
insignificant and a static model "could be used for back-analysis with confidence". This conclusion 
is consistent with research by Hardy [219], who found that increasing the density of the layers in a 
dynamic layered elastic analysis had virtually no effect on the horizontal strain response at the base of 
the asphalt layer at 10Hz. However, he also found that the same strain response was relatively more
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sensitive to damping in the asphaltic material. For example, he found that if the damping of the 
asphalt layer increased by a factor of 10, the strain at the base of the asphalt layer was decreased by 
approximately 60%. It therefore seems likely that material damping is a more important parameter 
than the inertia of the pavement.

The back calculation discussed in this chapter used data from both FWD and BB tests to determine an 
asphalt modulus degradation law.

16.5 VESYSBACK -  BACK CALCULATION MODEL

The back-calculation model (VESYSBACK) was used to determine the combination of elastic layer 
moduli that give a theoretical surface deflection bowl that best matches an input measured surface 
deflection bowl. VESYSBACK is based on the VESYS I11A computer program [274], which 
models the pavement as a layered linear elastic system, supported by a semi-infinite linear elastic 
subgrade. (Note that although the pavement model is essentially elastic, the viscoelastic nature of the 
asphaltic material can be taken into account by providing the model with an equivalent elastic 
stiffness determined from the asphalt creep compliance curve.) Contact between the tyre and 
pavement is assumed to be through a circular contact area with a uniform normal contact pressure. 
Dual tyres can be accommodated in the model using the principle of linear superposition. 
VESYS IIIA was used as the pavement model primarily because a previous study had shown that it 
can reproduce measured primary response influence functions accurately (see [133] for further 
details). The computer algorithm used to determine the best fit moduli was based on a standard 
optimisation routine by 'Numerical Recipes' which is detailed in [379], The optimisation procedure 
is described in [134].

16.6 ACCELERATED LOADING FACILITY (ALF) TRIALS

The surface deflection data used in the back calculation procedure was obtained from the ALF 
Mulgrave trial [265] and the ALF Callington trial [267], performed by the Australian Road Research 
Board (ARRB).

16.6.J Mulgrave Tests

Both FWD and BB surface deflection data measured during the Mulgrave tests from 5 different 
locations (chainages 2, 3,4, 7 and 9) along the same test section (experiment 15) were investigated 
[265]. For the test sections considered, the asphaltic layers were constructed on 800mm of imported 
subgrade, nominally to a depth of 100mm (40mm wearing course and 60mm base course). The 
thickness of the asphalt layer for each of the chainages was determined by trenching after the tests 
were completed. Three different load levels were applied to the pavement by the FWD, through a 
circular plate of 300mm diameter. The force was measured during each test. For the BB tests, the 
load was applied to the pavement through the dual tyres of the ALF [265].

In VESYSBACK this pavement structure was idealised as a three layer system with the natural 
subgrade layer of infinite extent. For modelling the BB tests, contact conditions between the ALF 
and the pavement were idealised as two 277mm diameter circular areas of uniform constant pressure, 
the total wheel load was taken to be 83kN. (These values were obtained from a private 
communication with N.E. Vertessy of ARRB.) To simplify the back calculation procedure only the 
Young's moduli of each pavement layer were allowed to vary. The thickness of each layer was 
fixed. Poisson's ratio for each layer was also fixed at a value typical of that material. This is a 
reasonable approach since Poisson's ratio of the pavement layers does not significantly affect 
calculated surface deflections [312]. Table 16.1 gives full details of the parameters used for each 
pavement chaînage.
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Mulgrave Trials (experiment 15) j
C2 C3 C4 C 7 C9 |

I Asphalt layer modulus Variable Variable Variable Variable Variable 1
Asphalt layer thickness 131mm 134imn 136mm 123mm 113mm
Poisson's ratio 0.4 0.4 0.4 0.4 0.4
2nd layer modulus || Variable Variable Variable Variable Variable
2nd layer thickness 800mm 800mm 800mm 800mm 800mm
Poisson's ratio 0.4 0.4 0.4 0.4 0.4
3rd layer modulus Variable Variable Variable Variable Variable |
3rd layer thickness Infinite Infinite Infinite Infinite Infinite |
Poisson’s ratio 0.4 0.4 0.4 0.4 0.4 1

Table 16.1 Input pavement geometry to the VESYSBACK back calculation model for the Mulgrave sections (ALF 
data from [265]). (Note that no layer thickness measurement was made for chainage 7. The mean value 
of the measurements. 123mm, was used.)

1 6,6.2 Calling ton Tests

In the Callington trials, most of the test sections consisted of either thin overlay treatments or asphalt 
reinstatements. BB surface deflection data from three chaînages (chaînages 6, 7 and 8) of one 
reinstated test section (experiment 3) were used in VESYSBACK. The test section consisted of 
100mm reinstated asphaltic material on the original pavement foundation (85mm base course, 
230mm sub-base course, 175mm fill and 370mm rock fill). As before, this pavement structure was 
idealised as a three layer system with the natural subgrade layer of infinite extent (see Table 16.2 for 
details). The loading conditions for the BB were taken to be the same as in the Mulgrave trial. The 
exact depth of asphaltic layer for each chainage was not reported for these tests. Consequently, the 
nominal asphalt layer thickness of 100mm was used for all the chaînages. As with the Mulgrave 
data, only the modulus of each layer was allowed to vary. Table 16.2 gives full details of the 
parameters used for the chai nages.

Callington Trials (experiment 3) |
C6 Cl C8

VariableAsphalt layer modulus Variable Variable
Asphalt layer thickness 100mm 100mm 100mm
Poisson’s ratio 0.35 0.35 0.35
2nd layer modulus Variable Variable Variable
2nd layer thickness 315mm 315mm 3l5min
Poisson’s ratio 0.4 0.4 0.4
3rd layer modulus Variable Variable Variable
3rd layer thickness Infinite Infinite Infinite

|  Poisson's ratio 0.45 0.45 0.45

Table 16.2 Input pavement geometry to the VESYSBACK back calculation model for the Callington sections (ALF 
data from [267]).

Figure 16.2 shows typical measured and back calculated deflection bowls (from BB deflection duta) 
for a section from the Mulgrave trial. It can be seen from this figure that there is good agreement.
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16.7 ASPHALT MODULUS DEGRADATION MODEL

16.7.1 Modulus Reduction -  Load Pass Results 

Tem perature Correction

Differences in temperature between the back calculated moduli were accounted for by calculating the 
moduli values at a single reference temperature (20°C). The temperature correction equation used in 
the calculations was obtained from published modulus-temperature data in [263]. This data was 
obtained from a back calculation procedure using measured deflections of a number of the Mulgrave 
test sections prior to trafficking. The result was a regression equation describing the variation of 
asphalt layer modulus with asphalt temperature (see [263] for further details). The form of this 
equation used for the temperature correction to a reference temperature of 20°C was:

e (20°C) = 4(T)E(T), (16.1)

lo g io ^ m }  = 7226 x lO ^T 2 +6.143 x 10-37--0.412. 
where El20°C) is the value of ihe asphall modulus at a temperalure of 20°C,

£(T) is the value of the asphalt modulus at temperature T.

The surface temperature at the time of the deflection tests was assumed to be representative of the 
'average’ effective temperature of the asphalt layer. This may not be the case if there were large 
temperature gradients in the asphalt layer, which may be more pronounced in thicker pavements. 
The standard AASHTO method [20] for temperature correcting moduli obtained from surface 
deflection measurements involves determining an average asphalt layer temperature by combining: 
(i) the pavement surface temperature at the time of the test and (ii) the mean air temperature for 5 
previous days before the test. For the ALF tests used in this study the air temperature over the 5 
days previous to each deflection test was not reported and so the standard AASHTO method could 
not be used. The following results have all been corrected to a reference temperature of 20°C using 
the procedure described above.

Figure 16.3 shows the back calculated asphalt layer modulus as a function of cumulative ALF load 
passes obtained from the BB deflections from the Mulgrave trial, plotted on semi-logarithmic scales. 
It can be seen that the modulus of each section decreases with time, indicating an accumulation of 
damage. Figures 16.4 and 16.S show similar results to those shown in figure 16.3 but obtained
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from FWD deflections for the Mulgrave trial and BB deflections from the Callington trial These 
results again show that the modulus of the asphalt layer significantly decreased as the pavement 
became progressively trafficked (damaged). By comparing figures 16.3 and 16.4 it can be seen that 
there is considerably more scatter on the moduli determined from BB deflections than those 
determined from FWD deflections for the same test sections. This is probably due to the difficulty in 
obtaining reliable BB deflection measurements (see [466]). The moduli determined from the BB 
deflections also tend to be lower than the corresponding moduli determined from the FWD 
deflections. This is probably due to the differences in loading limes between the two tests. The 
loading time in the BB test is significantly longer than the loading time in the FWD test. 
Consequently, because of the viscoelastic nature of the asphaltic material, the asphalt layer moduli 
determined from the BB tests are expected to be lower than those obtained from FWD tests.

It can also be seen from figures 16.3-16.5 that, although the traffic loads applied to each of the 
chainages was nominally the same, the sections show different rales of moduli reductions with 
loading. For example, chainage 7 from the Mulgrave trial (figures 16.3 and 16.4) shows a larger 
modulus reduction than the other chainages after the same number of load cycles. These differences 
are probably due to differences in the amount of fatigue damage between chainages caused by 
variations in thickness of the asphalt layer (113mm-136mm).

While the Mulgrave tests were being conducted, the amount of surface cracking per square metre 
section of pavement was recorded for each chainage. This area was defined as the metre long 
interval centred on each chainage point (extending half a metre each side). The amount of cracking 
per square metre at the end of the Mulgrave tests (323600 cycles) was found to vary from 3.46m/m2 
to 6.86m/m2 for chainages 2, 3, 4 and 9 with chainage 7 showing severe cracking (> I5rn/m2). 
This severe cracking resulted in a larger modulus reduction for chainage 7 compared to other 
chainages for the same number of load cycles (figures 16.3 and 16.4).

Fig- 16.3 Back calculated asphalt layer moduli reductions from BB tests for the various chainages from the ALF 
Mulgrave trials. From [136].
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Fig. 16.4 B ack calculated asphalt layer moduli reductions from FWD tests for the various chaînages from the ALF 
Mulgrave trials. From [136].

Fig. 16.5 Back calculated asphalt layer moduli reductions from BB tests for the various chaînages from the ALF 
Callington trials. From [136].

16.7.2 Modulus Reduction -  Cumulative Fatigue Damage Results

To obiain a single relationship from the data presented in figures 16.3-16.5 and account for the 
different layer thicknesses, the x-axis needs to be transformed from the number of load passes into 
cumulative fatigue damage.

Firstly it was assumed that the reduction in modulus as a function of load passes for each chainage 
can be described by a straight line on semi-logarithmic scales. An examination of figures 16.3-16.5 
shows this to be a reasonable assumption. Consequently, a least squares fit was performed for each 
chainage (also shown in figures 16.3-16.5). Each Fitted line was then normalised by the modulus 
value at zero load cycles so that the initial normalised modulus for each fitted line was 1. This gave a 
semi-logarithmic relationship (for each chainage) of the following form:
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l b *•°glO!

where E/Eq is the elastic modulus normalised by the initial elastic modulus,
N  is the cumulative number of ALF load passes and
Cj is a constant giving the slope of equation 16.2 on semi logarithmic scales.

Equation 16.2 may also be expressed in the form:

(16.2)

(16.3)

where Q  = C{ log, (10).

Secondly, a fatigue model was assumed of the general form:

Nf=k{e~kl, (16.4)

where is the number of cycles to failure at strain level e, (micro strain),
fcj and k2 are fatigue constants describing the fatigue behaviour of the material.

Miner's hypothesis of linear damage accumulation [72] was also assumed to apply, the non- 
dimensional damage D was defined as:

where N{i)

D . ± * l
w  * / ’

is the number of cycles of strain level £l ?
is the number of cycles to failure of strain level et and
is the number of different strain levels.

(16.5)

It can be seen from equations 16.4 and 16.5 that the damage D is proportional to the number of load 
applications N, (ie D «  N) for repeated tests with the same load. Consequently, each of the curves 
in figures 16.3-16.5 may be shifted horizontally to give a single relationship (for all the chainages) 
of the following general form:

where k is a new constant.
i =exp (16.6)

To determine the constant k the position on each of the curves where the elastic modulus is reduced 
to a critical level (E/E0) . needs to be located. At this point, the damage D (from equation 16.5) 
can be considered equal to 1 and the pavement to have reached the end of its useful life. For 
controlled stress loading conditions, Rowe [396] defined this point to be (E/Eq) =0.1. However 
for typical asphalt layer thickness of the order of 100mm (the nominal thickness of the ALF 
sections), Monismith [339] noted that the mode of loading is likely to be mixed and not well 
approximated by controlled stress. Consequently, a larger value of (E/Eq) = 0.2 was used. When 
the reduction in elastic modulus reached this critical level, the asphalt was assumed to have failed. 
Thereafter the modulus was considered to be constant at a value of £ = 0.2E^. Applying the 
boundary condition E/Eq = (£ /£ 0) when D = 1 to equation 16.6 gives k = -logc(£/£^)f . 
Consequently, equation 16.6 becomes:

£ /É 0= e_U> D< 1

Е1Ео={Е1Ео)с D i  I.
(16.7)

Differentiating equation 16.7a with respect to damage Д  gives a rate of damage accumulation that is 
proportional to the current modulus of the asphalt layer (for E/Eq > (£/£0)(.)>ie
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é£!EÛ = k— ( 16.8)
dD Eo

Figures 16.6-16.8 show equation 16.7 plotted against D on linear scales for (E/Eq) =0.2» 
together with the experimental data from the two ALF trials. It can be seen that the moduli obtained 
from both BB and FWD deflection testing conform reasonably well to the modulus degradation law 
(equation 16.7).

It should be noted that data from only a small number of sections of similar construction was used in 
the analysis. More data from a wider variety of pavements is required to validate this model further.

Fig. 16.6 Asphalt layer modulus reduction as a function of cumulative fatigue damage D (calculated from BB data 
from the Mulgrave trial). From [136].

16.8 CONTINUUM DAMAGE MECHANICS MODEL

Using the principles of continuum damage mechanics, and a fatigue law of the form of equation
16.4, UUidtz [466] derived a simple expression relating the reduction of elastic modulus of an asphalt 
layer to the strain in the layer. He assumed that the asphalt was in a state of uni-axial tension.

E o -E  E Ï D< 1,

-  = f ~ ]{ Eo)c
DZ1,

(16.9)

where (E/Eq)c = 0.3.

Using Miner's hypothesis for accumulation of damage due to different strain levels (equation 16.5) 
equation 16.9 may be re-written in the form:

E/Eq = 1-  Z)(l -E /E q)c

£ /£ b = (E /£ b )c

D<1.

D Z 1.
(16.10)
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Equation 16.10 is also shown in figures 16.6-16.8, plotted with the dashed line. It can be seen by 
comparing equations 16.10 and 16.7 that the asphalt modulus degradation law predicted from the 
damage mechanics model is linear with damage D whereas the modulus degradation law hack- 
calculated from measured surface deflection bowls is better approximated by an exponential 
relationship.

Fig. 16.7 Asphalt layer modulus reduction as a function of cumulative fatigue damage D (calculated from FWD data 
from the Mulgrave trial). From [136].

^ig- 16.8 Asphalt layer modulus reduction as a function of cumulative fatigue damage D (calculated from BB data 
from the Callington trial). From [136].
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16.9 CONCLUSIONS

(i) A hack-calculation model was developed based on the VESYS IIIA primary response 
computer model and a standard Numerical Recipes optimisation algorithm.

(ii) The back calculation procedure was used with measured surface deflection bowls to examine 
the degradation of asphalt modulus with trafficking an the experimental test sites.

(iii) The form of the relationship between the reduction in asphalt layer modulus and cumulative 
fatigue damage was found to be exponential, such that the rale of modulus degradation is 
proportional to the current value of modulus.

(iv) A modulus degradation model was developed and found to be capable of predicting the 
reduction in stiffness of the asphalt layer of the three test sections with reasonable accuracy.

(v) The exponential model was found to fit the experimental results more accurately than a 
previous theoretical model based on simple continuum damage mechanics.
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17.1 SUMMARY

Literature concerned with the road-damaging characteristics of various vehicle features is reviewed. 
It is concluded that there are widely differing opinions about the importance of dynamic tyre forces 
compared with ’static’ features, such as the number of axles, static load sharing between axles and 
the tyre contact conditions. A key piece of information that is needed before definitive conclusions 
can be drawn is found to be the level of 'spatial repeatability’ of the dynamic tyre forces generated by 
the ’fleet’ of highway vehicles.

17.2 INTRODUCTION

It is convenient to separate the features of heavy vehicles that contribute to road damage into those 
which, to a first approximation, can be considered to have a 'static influence, and so can be analysed 
without considering the motion of the vehicle; and those which depend on vehicle dynamics.

The ’static' features include: the gross vehicle weight; the axle configuration (number, static load and 
location); the static load sharing between axles; and the tyre contact conditions. Previous research 
into these four issues will be examined in the following section.

Dynamic tyre forces applied to road surfaces by heavy vehicles are believed to be an important cause 
of premature road failure, although the failure mechanisms are not well understood. As described in 
Chapter 7, they depend on the speed and dynamic characteristics of the vehicle, and the roughness of 
the road. Section 17.4 describes some previous research into the effects of dynamic tyre forces on 
road damage. Section 17.5 attempts to draw conclusions about the relative importance of the static 
and dynamic factors.

17.3 STATIC LOADING CONSIDERATIONS

17.3.1 Gross Vehicle Weight

An extensive theoretical study of vehicle-road interaction was performed recently by Gillespie ci al 
[192]. The study investigated the road-damaging characteristics of 29 different US vehicles, horn 
15 main classes, on flexible and rigid pavements. Figures 17.1 - 17.3 are reproduced from l l‘>2). 
They illustrate the importance of vehicle configuration and static loads on permanent deformation of 
flexible pavements, and fatigue damage of flexible and rigid pavements. In each of die.se charts, the 
damage is normalised by a single 80 kN (18 kip) axle traversing the pavement of interest This 
masks the fact that the absolute damage levels are considerably higher on the weaker pavements than 
the stronger pavements.
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Several important conclusions can be deduced from these figures.

(i) In fatigue damage, the individual static axle loads are much more important than gross 
vehicle weight (figures 17.1 and 17.2), because of the strong sensitivity of fatigue damage 
to stress or strain level (equations 13.1 and 13.2). As a result, the refuse hauler, which has a 
gross weight of 64 kips with three heavily loaded axles, causes nearly 3.5 times more 
fatigue damage to rigid pavements than the 9-axle 'Turner' truck, with a gross weight of 
114 kips and a large number of relatively lightly loaded axles (figure 17.1).

(ii) Gross vehicle weight is the dominant factor in rutting damage, and individual static axle 
loads are not important at all (figure 17.3). This is because the analysis in [192] assumed a 
linear viscoelastic rutting model (see Chapter 14). It is important to note that for the larger 
combination vehicles, payload is a higher percentage of gross weight, so the rutting damage 
per tonne of cargo is less.

(iii) Conclusions (i) and (ii) are dependent on the damage laws (like equation 13.1) used in the 
analysis. Damage laws with high exponents increase the importance of individual axle 
loads and diminish the importance of gross vehicle weight.

(iv) The ranking of vehicles for each type of road damage is essentially independent o f the 
strength o f the road.

GWv Equivalent Passes of a Single 18*Kip Axle with Dual Tires 
Truck Configuration (kips) 1 2 3 4 5 6

Fig. 17.1 Relative theoretical fatigue damage to rigid pavements caused by a single pass of the static loads of a
variety of US trucks, for a 300 mm (12in.) thick slab, strong* pavement and a 200 mm (8in.) thick slab 
'weak' pavement. From [192],
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GVW Equivalent Passes of a Single 18-Kip Axle with Dual Tires 
Truck Configuration (kips) 1 2 3 4 5 6 7 8 9  ю

Fig. 17.2 Relative theoretical fatigue damage to flexible pavements caused by a single pass of the static loads of a 
variety of US tracks, for a range of pavement strengths. From [ 192).

GVW Equivalent Passes of a Single 18-Kip Axle with Dual Tires

Fifc- 17.3 Relative theoretical ratting damage to flexible pavements caused by a single pass of the static loads of « 
variety of US trucks, for pavement wearing courses with thicknesses in the range 2 to 6 5 inches. f rom 
[192].
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17.3.2 Axle Configuration
There is considerable pavement engineering literature concerned with the relative road damaging 
effects of various axle group arrangements single/tandem/triaxle (see the comprehensive review by 
Morris [347]). Most studies either simulated [1, 192, 314, 361, 434, 464] or measured [2, 26, 108, 
109,247,451] the primary response of the pavement (stress, strain, deflection) to a variety of axle 
configurations. Empirical road damage relationships (rutting and fatigue) were used to estimate 
relative pavement damage. One typical result by Southgate and Deen [434] is shown in figure 17.4.

100

20 40 60 80 100 120 140
Total Load on Configuration (Kips)

Fig. 17.4 Effect of total axle group static load on relative pavement fatigue damage. From [434].

It is generally concluded that for equal damage to flexible and rigid pavements, tandem and triaxle 
groups can carry more weight than the same number of widely spaced single axles, because the 
primary response fields of nearby axles overlap.

This effect can be understood by considering figure 17.5 from [192], which shows an influence 
function for longitudinal stress in a rigid pavement due to a static wheel load. For two or more 
closely spaced axles, the influence functions due to each axle can be superposed. If the spacing 
between the axles is between 3.25 ft and 15 ft, the peak tensile stress under one axle benefits from 
the compressive stress due to the other.

An optimum axle spacing usually exists, depending on the road structure, assumed mode of failure 
and damage criterion [347]. This fact is reflected by current axle Ioad/geometry regulations in a 
number of countries (see, for example [26, 409]). An example is provided in figure 17.6, from 
[192], where it can be seen that a spacing of 7 ft (2.1 m) would reduce fatigue damage to rigid 
pavements by a factor of around two, compared with widely spaced axles.

17.3.3 Static Load Sharing 

Uneven Tyre Forces

Most tandem and triaxle truck suspension systems are designed to equalise the static loads carried by 
the axles in a group. In practice, the effectiveness of load equalisation on moving vehicles varies 
significantly among suspensions.

Figure 17.7, after Mitchell [336], shows the result of a slow-speed axle weight survey of 259 
vehicles performed by the TRRL in the UK in 1985. The range of axle weights for each suspension 
group is shown. For triaxle groups with leaf spring suspensions, the lightest axle is typically 60- 
70% of the heaviest and sometimes only 30-40%. It can be seen that air suspensions equalise much



BACKGROUND TO VEHICLE-ROAD INTERACTION 301

better, the lightest axle typically being 90% of the heaviest. Tandem suspensions generally equalise 
better than triaxles.

Sweatman [443] introduced the ’Load Sharing Coefficient' (LSC) which he defined (for dynamic 
tests on instrumented vehicles) as:

LSC =
Nomina] static load П7.1)

where Nominal static load
_Total static load of group 
Number of wheels in group

The LSC is theoretically 1.0 for perfect load sharing, but Sweatman's road tests, for a variety of 
speeds, yielded values in the range 0.791-0.983 for tandem suspensions, ie 2\%-\l% equalisation 
error respectively.1

* |>  -20 -10 0 10 20 
o

Tire Position Relative to the Point of Interest (ft)

Rg 17.5 Influence function for a 250 mm (10 in) thick rigid pavement from ( 192].

Fig. 17.6 Effect of tandem axle group spacing on theoretical fatigue damage in a rigid pavement. From (192)

i For a tandem suspension with LSC=0.79, the lighter axle will generate an average load which u ot the 
heavier one (0.79/(1+0.21) = 0.651, (assuming no difference between left and right wheel tiatks) Thtv can be compared 
with the TRRL results shown in figure 17.7.
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(a) 14S 3-axle semi-trailer bogies

$cco
т»
5

X
<

(b) 114 2-axle rear bogies on rigid vehicles

Fig. 17.7 Static axle loads measured in a roadside survey on the M6 at Stafford, UK, in 1985, showing the range of 
static loads in each axle group. After Mitchell [336].

Sweatman observed some interesting anomalies, in particular that the worst tandem suspension was 
of the 'walking beam' type (which is designed for good static load sharing) and the best was a 'four- 
spring' tandem, which Mitchell reported to be poor [336]. The air spring tandem fell between these 
two. Sweatman attributed the poor performance of the particular walking beam suspension to bad 
installation practice and incorrect torque rod location. He also noted that road roughness had little 
effect on the relative performance of the different suspensions, but that approximately 2% variation 
occurred due to speed, and up to 4% variation could be attributed to road camber and cross-fall 
(transverse slope), which resulted in lateral load shifting.

Woodrooffe et al [505] performed quasi-static pitch tests on a trailer and concluded that their tandem 
walking beam suspension performed best, followed by the air spring tandem and then the four- 
spring suspension.

Simmons and Mitchell [336, 425] performed an extensive study of load sharing on tandem and 
triaxle, air and leaf spring suspensions. The work included pitch tests (see figure 6.16) and road
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tests on a number of arched bridges, with vehicles that were instrumented to record dynamic wheel 
loads as well as the forces in the suspension components (torque rods, springs, etc). They drew the 
following main conclusions:

(i) Poor load sharing in leaf spring suspensions is largely a quasi-static phenomenon which 
is independent of speed, depends mainly on the pitch angle of the vehicle, but is also strongly 
dependent on the geometry of the suspension components.

(ii) On arched bridges the load on the leading axle of a 6-spring triaxlc trailer suspension was 
1.47-1.82 times the nominal load (LSC = 1.47-1.82). For these conditions, most of the 
load normally carried by the third (trailing) axle of the group was transferred to the first 
(leading) axle, while the centre axle load remained relatively constant. Under the same 
conditions, the triaxle air suspension yielded LSC= 1.16-1.31.

(iii) Poor load sharing in four-spring and six-spring suspensions is mainly due to friction at 
the 'slipper' ends of the springs. It can be improved considerably by intioducing a low 
friction material in the sliding contact, or by utilising shackles instead of slipper connections.

Road Damaging Effects o f Uneven Load Sharing

Uneven static load sharing increases fatigue damage because the power-law damage relationships 
(equations 13.1 and 13.2) accentuate the effects of more heavily loaded axles.

Gordon [199] analysed unevenly loaded tandem suspensions using an elastic layer pavement model 
and determined that for permanent deformation failure, a suspension with LSC = 0.8 (as per 
Sweatman's measurements) is twice as damaging as a suspension with perfect load sharing. 
Southgate and Deen [435, 437] performed a similar analysis for fatigue damage. They concluded 
that LSC = 0.8 corresponds to a factor of 2.9 increase in predicted damage. O'Connell et al [361] 
predicted 23% increase in cracking damage and 43% increase in rutting for LSC = 0.8.

Gillespie et al [192] calculated the effects of uneven static load sharing on flexible and rigid 
pavements. They noted that fatigue damage is hardly affected if the LSC is kept between 0.95 and 
1.05. However, when the LSC reaches 1.2, fatigue damage increases by 40-50%, depending on the 
axle spacing and the type and strength of pavement. Sample results from [192] are shown in 
figure 17.8.

Fig. 17.8 Influence of load sharing coefficient and wear course thickness on flexible pavement fatigue damage. 
From [1921.

Southgate and Deen [435, 437] also analysed the measured static wheel loads of 670 tandem 
suspensions and 1,951 triaxle suspensions and used this data to simulate the influence of uneven 
load sharing on road damage. They predicted that fatigue damage due to the tandem suspensions
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was 1.4 times worse than if they had perfect load-sharing suspensions, and damage for the triaxle 
suspensions was 2.3 times worse.

17.3A  Tyre Effects
During the period since the AASHO road test, cross-ply tyres have largely been replaced by radial- 
ply tyres on heavy trucks [104,511], and average inflation pressures have increased from 550 kPa 
(80 psi) to 690-760 kPa (100-110 psi) [104, 347, 390, 435]. Wide-base single tyres (’super 
singles') are replacing dual tyres in Europe, particularly on triaxle trailer group suspensions, but they 
are not widely used in the USA, except on heavily loaded steering axles [347,435].

There is concern in the pavement engineering community that these changes in operating patterns 
may increase pavement damage, particularly rutting [104,211, 248, 347,390, 391].

C ontact Pressure Distribution

Most pavement analysts have assumed that the normal component of the contact pressure between 
tyre and road surface is uniform, acts over a circular area and is nominally equal to the inflation 
pressure (see, for example [66,78, 112, 211, 277, 384,435]). Considerable experimental evidence 
exists to suggest that this is not the case. Pressures are observed to increase around the edges of the 
contact area: in the 'shoulder' areas at either side, due to the stiffness of the side walls and at the front 
and rear due to bending of the tread band [104, 112, 248, 322, 391,420, 511].

Under normal inflation and loading conditions, the maximum shoulder pressure is typically observed 
to be twice the inflation pressure [104, 322, 391, 460, 511], although the contact pressure 
distribution is found to be more uniform for higher inflation pressures and/or lower vertical loads 
[104, 322, 460, 511]. The contact area is also found to decrease with increased inflation pressure 
and to increase with total load. Marshek et al [322] reported typical results for truck tyres: 8-20% 
decrease in area for 50% increase in inflation pressure; 30-35% increase in area for 50% increase in 
load.

It is important to note that even in straight-line, steady-speed motion the contact pressure distribution 
between tyres and road surfaces contains significant lateral and longitudinal shear tractions as well as 
the vertical pressure [112, 261, 420]. These are caused by differences in the stiffness of the side- 
walls, tread band and tread.

Effects o f Tyre Contact Conditions on Pavements

A number of authors have calculated [166, 211, 389, 390, 391, 435], or measured [2, 109, 166, 
248,516], the influence of tyre contact conditions on stresses and strains in the road surface.

The general consensus is clear: the details of the contact conditions, such as the exact area, pressure 
and pressure distribution, affect stresses and strains near to the surface of the pavement, whereas the 
response in the lower layers depends mainly on the overall load [104, 166, 211, 391]. For example, 
Haas and Papagiannakis [211] showed that increasing tyre inflation (contact) pressure from 415 kPa 
to 830 kPa at constant load increased the theoretical vertical compressive strain near to the surface of 
a 200 mm thick asphalt layer by up to a factor of eight, but hardly affected the strain at the bottom of 
the layer. Conversely, doubling the axle load at constant pressure increased subgrade compressive 
strain by a factor of two, but made little difference to compressive strain in the asphalt layer. These 
trends were corroborated by Marshek et al [321].

Roberts et al [390, 391] and Marshek et al [321] applied relatively realistic (axisymmetric) contact 
pressure distributions to elastic layer pavement models. Both studies established that assumptions 
about contact conditions can alter predicted horizontal strains at the bottom of thin surface layers (less 
than 50 mm) substantially, particularly for under-inflated tyres which have large shoulder contact 
pressures. The effects of non-uniform loading are much less significant for vertical compressive 
subgrade strains and for thicker pavements.
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Research into pavement damage confirms the localised influence of contact conditions (104, 347]. 
Theoretical studies by Southgate and Deen [435] indicated that fatigue damage due to tensile strain at 
the bottom of thin asphalt pavements is likely to increase rapidly with average contact pressure. This 
was confirmed by Marshek et al (321] and O’Connell et al [361]. Both of these studies, however, 
reported that inflation pressure has little effect on subgrade rutting. Roberts ct al (390, 391] and 
Haas and Papagiannakis [211] estimated rut formation by summing theoretical permanent 
deformations of (he pavement layers and both ascertained that rutting damage is sensitive to contact 
pressure. In view of the localised influence of contact pressure on compressive strain observed in 
[211] (see above), this was presumably due to near-surface effects.

On the basis of asphalt pavement strain measurements, Addis reported that a 40% increase in tyre 
pressure would increase fatigue damage by 26%. Laboratory measurements by Eiscnmann et al 
[166] on a 225 mm thick asphalt road surface model showed that rut depth development was 
approximately linearly related to the average contact pressure, (independent of load).1

Gillespie et al [192] simulated the effects on 'high' type pavements, of increasing the contact 
pressures of a super-single tyre and a pair of dual tyres, al constant total load. They found that: 
"Elevated tyre inflation pressure greatly increases the fatigue damage of flexible pavements. 
Over inflation o f conventional dual tyres by 170 kPa (25 psi) nearly doubles flexible pavement 
fatigue. Similarly over-inflation of wide-base single tyres is especially critical, increasing 
fatigue (damage) by a factor of four. " They also found that tyre inflation has a moderate influence 
on fatigue of rigid pavements and a relatively small effect on rutting of linear visco-elastic flexible 
pavements. See also Section 15.3 for a discussion of the effects of non-uniform surface tractions on 
pavement response.

Tyre contact conditions (pressure and area) vary dynamically with dynamic tyre forces. No analysis 
of road damage which accounts for this effect has been found in the literature. On the basis of the 
static analyses and measurements presented above, it seems reasonable to speculate that these 
dynamic effects will make some difference to stresses and strains in the upper pavement layers, and 
probably have negligible influence in the lower layers, where the overall dynamic force level will be 
the most important factor.

Effect of Tyre Configuration on Pavements

Several authors have considered the influence of the number and type of tyres on an axle.

In 1963, Zube and Forsyth [516] performed an experimental comparison of the vertical deflections 
and transverse strains of a flexible pavement surface, to wide-base single tyres and dual wheels (see 
figure 17.9). Their results indicated that pavement deflection was equivalent for 27 kN (6 kips) 
carried on a single tyre or 40 kN (9 kips) carried on a dual pair.

Experimental measurements of asphalt layer interface strains and surface deflections by Christison el 
al [109] for a variety of axle and tyre configurations gave very similar results. Christison's analysis 
of the measured strains in terms of pavement damage indicated that a single tyre is theoretically 7-10 
times worse than a dual tyre pair for equal load. This was confirmed theoretically by Treybig [464]. 
Eisenmann et al [166] and Addis [2] both reported that the measured strains under wide single tyres 
were 50% greater than those under dual tyres carrying the same total load. Addis reported that this 
would increase pavement fatigue damage by as much as a factor of 2.5.

1 This study also indicated that rut development was largely due to flow of the material at constant volume rather than 
compaction, and was proportional to the square root of the number of load applications. The latter conclusion is likely 
to be correct only for the early stages of rutting, when compaction is the main mode of deformation [ 142], therefore 
Eisenmann’s two conclusions appear to be inconsistent.
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Fig. 17.9 Comparison of vertical surface deflections measured under wide single and dual tyres, by Zube and Forsyth 
in 1963 [516].

An OECD (Organisation of Economic Cooperation and Development) report [16] recommended that 
relative to dual tyres, wide-base single tyres should be considered to be 2.1 times more damaging 
and conventional single tyres to be 2.9 times more damaging.

On the basis of asphalt strain measurements, Huhtala [248] reported that wide-base single tyres are 
likely to cause 3.5 to 7 times more damage than dual tyres, and that the worst conditions are for 
thinner asphalt layers. He also noted that the contact pressures under each tyre in a pair can be quite 
different due to a number of factors, including differential inflation pressures or temperatures, tread 
wear, axle bending or transverse road roughness. He reported that a wide-base single tyre is only
1.5 times more damaging than an unevenly inflated dual pair with 500 kPa in one tyre and 1000 kPa 
in the other.

Gillespie et al [192] reported that heavily-loaded conventional tyres on a steering axle carrying 
53 kN (12 kips) can be more damaging to flexible pavements than conventional dual tyres carrying 
89 kN (20 kips). Theoretical strains and load equivalence factors, normalised to account for 
payload, are shown in Table 17.1 for tyres of various sizes on flexible pavements (from 1192]). It 
can be seen, for example, that on a 6.5 in thick flexible pavement, a 15R22.5 single tyre generates 
29% more strain per unit load than a pair of 11R22.5 dual tyres (fourth column of the table). This 
corresponds to 70% more fatigue damage per unit load than the dual pair (column 8).

It is important to note that the large pavement damage factors in the studies cited above were derived 
from a two-stage process. First, strains in the road were measured (or calculated) under dual and 
wide single tyres. These strains were typically 1.5 to 2 times greater for the wide single tyres than 
the duals for the same total load. Second, relative pavement damage was estimated using a power- 
law damage relationship like equation 13.1, typically with a fourth power, to weight the strains. 
This raises the important question of whether a fourth power is appropriate, or whether it may bias 
the results excessively. (See Chapter 1 for a discussion of the ’Fourth Power Law’.)



BACKGROUND TO VEHICLE-ROAD INTERACTION 307

Wear
Course

Thickness

Strain Range of Tires 
Strain Range of 11R22.5 Duals 

(Per pound of load)

Equivalence Factors1 for Tyres 
at Rated Load (ESAL)

( in c h e s ) LP 11R22.5 15R22.5 18R22.5 LP 11R22.5 15R22.5 18R22 5
duals single single single duals*" single^

A
single single5

2.0 1.25 1.74 1.07 0.76 1.95 1.81 0.81 0.51
3.0 1.19 1.74 1.19 0.89 1.61 1.81 1.23 0.95
4.0 1.13 1.70 1.25 0.98 1.29 1.67 1.52 1.43
5.0 1.10 1.64 1.28 1.05 1.17 1.44 1.67 1.86
6.5 1.07 1.55 1.29 1.11 1.04 U  3 1.70 2.28

1. EFs are defined in these columns as the number of passes of an 11R22.5 dual-tyre axle loaded to 18 kips 
required to consume the same amount of pavement fatigue life as an axle with subject tyres at rated load.

2. Based on rated load of 17,000 lb per axle. 4. Based on rated load of 16.000 lb per axle.
3. Based on rated load of 12,000 lb per axle. 5. Based on rated load of 20.000 lb per axle.

Table 17.1 Load equivalence factors for flexible pavement fatigue damage, for tyres of various sizes, from (192).

Most evidence suggests that when fatigue cracking is the dominant mode of failure, a fourth power is 
a reasonable average value for the exponent кг in equation 13.1. Therefore, for fatigue cracking of 
thin pavements, the high power in the damage law, and hence high relative damage factors cited 
above (up to 10) for wide single tyres, appear to be reasonable. For thicker pavements, sub-surface 
tensile strains are less affected by the tyre contact conditions and more strongly influenced by the 
total load, so it is likely that the relative fatigue damage factors for wide single tyres will be less than 
cited above.

The situation is less clear in the case of permanent deformation, particularly for thicker asphalt 
pavements. There is considerable evidence to suggest that permanent deformation in asphalts is 
directly proportional to the wheel load, rather than some high power of it [64, 167, 211, 316, 367, 
475]. This would be exactly true if asphalt could be regarded as a linear viscoelastic material [196, 
456] (see equation 14.8). If this is the case, then use of the fourth power law to weight stress levels 
cannot be justified, and the relative increase in rutting damage for wide single tyres is likely to be a 
factor of 1.5 or 2, as shown in [192].1

Tests performed by the Federal Highway Administration (FHWA) with an accelerated pavement 
loading facility (ALF) confirmed these general conclusions. According to Bonaquist [64], wide 
single tyres generated pavement strains approximately twice those of dual tyres (for the same total 
load). They generated twice the rutting damage, and four times the fatigue damage. Sample 
results from these tests are shown in figure 17.10.

The use of radial ply tyres in preference to bias ply tyres is thought to be an exacerbating factor in rut 
formation. The way that a tyre responds to cross-slope, such as the side of a rut in a wheelpath, is 
governed by its camber stiffness. Tyres with high camber stiffness will tend to climb out of a rut, 
whereas tyres with a low camber stiffness will tend to track in a rut. Figure 17.11 from [192] 
shows that radial ply tyres generally have low camber stiffnesses and are more likely to track in ruts 
than bias ply tyres.

* If nit formation is proportional to the stress or strain level, and hence approximately proportional to the applied 
load, then dynamic load variations would be expected to be relatively unimportant, compared with die static loads Hie 
depth of ruts would therefore be expected to be relatively constant along a road, as is generally observed on the 
highway. Conversely, fatigue damage (governed by equation 13.11 would bo expected to be much more sensitive to the 
magnitude of the applied loads and hence fatigue cracking would be expected to occur in localised areas where the 
dynamic loads ore consistently high [113, 118, 213].
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Fig. 17.10 Measured fatigue cracking and rutting damage to 178 mm (7 in.) thick asphalt test sections loaded by a 
wide single tyre and by a pair of dual tyres. After Bonaquist [64].

Fig. 17.11 Probability distributions of the camber coefficients of cross ply and radial ply tyres of passenger cars, 
showing that the radial tyres are more likely to track in a rut. From [192].

Collecting the above evidence together, the following tentative conclusions may be drawn about the
influence of wide single tyres on road damage:

(i) For relatively thin asphalt pavements that fail by fatigue cracking, wide single tyres are likely 
to cause up to 7 times more damage than dual tyres carrying the same total load.

(ii) For thicker pavements, where permanent deformation is the main mode of failure, wide 
single tyres are likely to cause 1.5 to 2 limes more damage than dual tyres.

(iii) For rigid pavements, wide single tyres are likely to cause a relatively small increase in fatigue 
damage [192].
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17.4 DYNAM IC LOADING CONSIDERATIONS

17.4.1 Road Damage Criteria 

Road Stress Factor

In 1975, Eisenmann [164] derived a quantity known as the 'road stress factor', Ф, using the 
assumption that road damage depends on the fourth power of the instantaneous (dynamic) wheel 
force at a point on the road (see Chapter 1 for a discussion of the 'Fourth Power Law') Assuming 
that dynamic wheel forces are Gaussian (follow a normal distribution), Eisenmann showed that the 
expected value of the fourth power of the instantaneous wheel force is given by:

Ф = E [P(t)4j = (l + 6 s2 + 3 S4) Pful, (17.2,

where
P(t) = Instantaneous tyre force at time t 
Pstat = E[P(t)] = Static (average) tyre force
s = Coefficient of variation of dynamic tyre force (essentially the DLC from equation 5.6, 

see Sweatman [443])
E[ ] = Expectation operator (average value).

Sweatman [443] generalised equation 17.2 to account for departure of the wheel force probability 
distribution from Gaussian, but showed that the effects of skewness and kurtosis on Ф were 
negligible for his measured tyre force data.

In 1978, Eisenmann [165] proposed a modified version of equation 17.2 which accounted for the 
effects of wheel configuration and tyre pressures:

Ф ' ^ ^ Л ц Р ,,*)4 (17.3)

where

у ^ + б ^  + Зз4 07.4)

v is the 'dynamic road stress factor' (Sweatman [443]), 
accounts for tyre configuration (single or dual tyres),

T|j| accounts for tyre contact pressures.

Equation 17.3 is sometimes written: Ф' = (Ti| Т|П| Pstat)4 where Т|ш  = у ,/4 [16,486]. An 
additional factor is also sometimes included to account for the type of axle group 
(single/landem/triaxle) [16,486].

Equation 17.3 underpinned a substantial body of research in West Germany during the 1980$ by 
the 'Road Stress Committee' [16, 47, 166,200, 486], The equation has the desirable (although not 
necessarily justifiable) effect of decoupling the road damage problem into three sub-problems, which 
can be studied separately: dynamic loads, tyre configurations and contact pressures.

Considerable research effort has gone into quantifying qj qj, and v for a variety of suspensions 
and tyre contact conditions. Values for and т|ц can be’found in several papers [47, 166, 200, 
486].

It is interesting to note that q 1 and Т|ц are considered to be 'penalty' factors or bonus' factors 
depending on the author. For example, the OECD report: 'Impacts of heavy freight vehicles' [ 16] 
recommended T|( =  1.0 for twin tyres and 1.3 for single tyres, ie  a 30% penally for single tyres, 
whereas Eisenmann et al [166] recommended T|| = 1.0 for single tyres and 09 for twin tyres, it a 
10% 'bonus' for twin tyres.
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For typical highway conditions of roughness and speed, Sweatman [443] measured the dynamic 
road stress factor v in the range 1.11 to 1.46 depending on the suspension system. Other 
researchers have published similar results [172, 200, 337]. It is expected that suspensions should 
rank in the same order whether the wheel loads are compared in terms of road stress factor or DLC.

Mitchell and Gyenes [337] used the road stress factor to analyse their measured wheel forces and 
those presented by Hahn [214]. They estimated that widespread replacement of steel and rubber 
suspensions with air suspensions in the UK would reduce overall damage due to drive axles by 8% 
and damage due to semitrailer axle groups by 10-20%. Their analyses of the UK and West German 
wheel force data yielded qualitatively similar conclusions.

The road stress factor approach was used to analyse West German research results for buses [213]. 
This provided the information for West German legislation, introduced in 1984, which allowed two- 
axle buses to carry 11 tonnes rather than 10 tonnes on air-suspended rear axles with dual wheels, 
providing the sprung mass 'natural frequency' is less than 1.5 Hz, and the 'damping ratio' greater 
than 0.25 [483]. A similar regulation was subsequently implemented by the European Community 
for single drive axles of articulated vehicles [32] (see Chapter 27).

It is worth noting that the West German Road Stress Committee developed a nomograph for 
determining Ф' graphically, depending on the road roughness, speed, sialic axle load and vehicle 
characteristics. It assumes a quarter-car representation of the vehicle [47]. The Committee used this 
method to compare a number of different vehicle configurations, and recommended several 42 tonne 
articulated combinations which might be expected to do less damage than existing 38 tonne 
combinations [47].

Magnusson et al [313] criticised use of the road stress factor. They noted that the fourth power law 
arose from measurements of the overall loss of serviceability of the AASHO road test sections due to 
vehicles that applied wheel loads which included a dynamic component. As a result, the fourth 
power law implicitly accounts for dynamic wheel loads. "Eisenmann's supplementing of the 
formula (fourth power law) consequently appears somewhat dubious" [313].

Ullidtz [467, 471] developed a model of pavement performance due to dynamic tyre forces and 
concluded that the effects of dynamic loads may be quite different on different types of pavement 
damage and pavement structures. He noted that accounting for dynamic loads using a number of 
equivalent standard axles calculated using a fourth power law (as per the Road Stress Factor), would 
result in "completely erroneous" results.

The Road Stress Factor approach incorporates all of the uncertainties inherent in the fourth power 
law, which has itself been the subject of considerable criticism [4,281,457] (see Chapter 1). It has 
three other highly questionable features:

(i) It assumes that strain in the road surface is directly proportional to the instantaneous wheel 
force and neglects the sensitivity of road surface response to the speed and frequency of the 
applied loads and to the structural response characteristics of the road (Chapter 10).

(ii) In using the mean value of the damage criterion, it implicitly assumes that road damage is 
spread randomly over the surface and does not account for any concentration of damage 
which may occur in the vicinity of particular roughness features. (See discussion of spatial 
repeatability in Section 7.4.11 and Chapter 18.)

(iii) It assumes that each suspension system on a vehicle is dynamically independent and does not 
influence the lyre forces, and hence road damage, generated by other axles (see Section 7.4.6 
and Chapter 28). Thus suspensions are compared through analysis of the wheel loads 
generated by individual axles or axle groups, rather than through analysis of road damage 
done by the whole vehicle.

According to Morris [347], the road stress factor is "a plausible rule o f thumb that can serve as a 
bench-mark for comparison with more analytical approaches
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Aggregate Tyre Forces

Since the spatial distribution of tyre forces is important, road damage criteria that relate to specific 
points along the road surface are needed for assessing road damage (88). The simplest approach 
involves summing the dynamic forces, raised to a power*, applied to each location along the road 
by each lyre. This type of damage criterion is known as a 'weighted aggregate force model' [88,93J 
The aggregate nth power force A", measured at location k along the road is given by:

N,
A k = £ p jk ,  k = 1, 2,3 ,... N, (17.5)

j=l
where Pjk is the force applied by tyre j  to location k on the road,

Na is the number of axles on vehicle, and 
Ns is the number of points along the road.

The power n is chosen to represent the type of road damage being considered. For flexible 
pavements, a value of n = 4 is suitable for fatigue damage [281 J, whereas n = 1 is more suitable for 
permanent deformation (rutting) [143,192] (See Chapters 13-15).

Equation 17.5 can be used to compare the road-damaging potential of vehicles, provided all tyres are 
assumed to have the same contact area. The calculation can be enhanced somewhat, by dividing each 
wheel force by an appropriate nominal tyre contact area, so as to base the damage prediction on the 
nominal contact stress [88,93], The resulting ’damage' Die is then given by:

where aj is the nominal contact area of tyre j .

(17.6)

Equation 17.6 does not account for dynamic variations of contact area with oscillating tyre forces, 
however this is thought to be a second order effect. By including an appropriate material constant 
outside the summation in equation 17.6, D* can be considered to be a measure of fatigue damage 
(proportion of the fatigue life used) [93].

The importance of the exponent n is shown in figure 17.12, which examines the dynamic tyre 
forces generated by a single-wheel 'quarter-car' vehicle model (as per figure 5.1a), travelling on a 
‘good’ road (Section 3.3) at 100km/h. Figure 17.12(a) shows the tyre force P(t), normalised by 
the static tyre force Pstat, for a 100 m long section of road. Note that the dynamic fluctuation is 
typical: about 20%-30% either side of the mean, with components at the body bounce and wheel hop 
frequencies (Section 7.4). It can be seen that the mean tyre force and static tyre force coincide at 
P/Pstai=l-
Figure 17.12b shows the same tyre force history, this time with every data point raised to a fourth 
power and then normalised by Ps*at. Raising the force to this high power has two important effects. 
Firstly, it shifts the mean value above the static value. It is this mean ('expected') value that is 
calculated by the road stress factor Ф in equation 17.2. Secondly, it skews the wheel forces so that 
the dynamic fluctuations are amplified. This has the effect of increasing the theoretical damage1 at 
some points along the road by a large amount. For example, at 35m and 55m along the road, the 
damage P4 is nearly three times greater than that generated by the static tyre forces P ^  
ie P(t)4 /  PSu< = 3.
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(a)

(b)

Fig. 17.12 Dynamic tyre forces generated by a quarter-car model on a ’good’ road ai I00km/h
(a) Normalised dynamic tyre forces
(b) Normalised dynamic tyre forces, raised to the fourth power.

If the relevant value of n is 1 (as for permanent deformation of asphalt - see Section 13.3 and 
Chapter 14), then it can be seen from figure 17.12a, that the first order effect is that of the static loads 
ie the dynamic fluctuations have a relatively small influence. Conversely, if n = 4 (as may be 
expected for fatigue damage of asphalt - Section 13.3 and Chapter 15), then it can be seen in figure 
17.1b, that the dynamic fluctuations become very important at some locations along the road.

These locations (sometimes called 'hot spots') might be expected to be the first places to show signs 
of pavement failure (eg formation of a pot-hole), if four conditions apply:

(i) the road is prone to fail by fatigue and does not fail first due to permanent deformation, or 
some environmental cause;

(ii) all trucks apply their peak loads in the vicinity of these same locations (this is known as 
'spatial repeatability', and is the subject of Chapter 18);

(iii) there are no large surface profile changes which cause the hot spots to move to different 
locations along the road;

(iv) the structural properties of the road are relatively constant - ie there are no locations which are 
much weaker or more flexible than others, where premature failure might occur.

Under these particular conditions, the life of the road would be governed by the damage at a few hot 
spots - say 1-5% of the surface area of the road. The damage incurred at this small proportion of 
points during the passage of a particular vehicle can be determined from the cumulative probability
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density function of the road damage criterion. Thus 5% of the area of the road in the wheel path 
incurs damage exceeding the 95th percentile level, and 2% incurs damage exceeding the 98th 
percentile level. These 'upper percentile' levels are shown on figure 17.12b.

Example - Aggregate Tyre Forces doe to a Tandem-Axle Vehicle Model

The six degree-of-freedom vehicle model shown schematically in figure 17.13 was used to simulate 
the dynamic tyre forces generated by a 'four-spring' trailer suspension (figure 2.1e). The suspension 
has two leaf springs, modelled by two rigid beams and four nonlinear leaf spring elements fusing 
equation 4.2). The springs are joined by a short ’load-level 1er’ beam. The axles are free to bounce 
vertically and the leaf spring beams are free to pitch. The tyres are free to bounce clear of the road 
surface. The model was simulated traversing a ’good' random road at 30m/s 193]. The suspension 
of this vehicle has a lightly damped oscillation at 9.8Hz, in which the two axles bounce in anti
phase, and the central levelling beam pitches. The road damage criteria in equations 17.5 and 17.6 
were evaluated at equally spaced intervals along the road. These intervals were sufficiently short as 
to enable resolution of peak forces at the highest frequency of interest.

Fig. 17.13 Tandem-axle vehicle model representing a four-spring suspension. From [93]

Figure 17.14 shows the probability distribution of the aggregate tyre forces (if calculated from 
equation 17.5 with n = 1). It can be seen that the distribution is Gaussian, as might be expected. 
The mean value of the distribution is the gross vehicle weight. Figure 17.14b show s the 95th. 98th 
and 99th percentile aggregate force levels as a function of vehicle speed. When the vehicle is 
stationary and there are no dynamic loads these upper percentile values converge on the gross vehicle 
weight. At higher speeds they diverge as the dynamic tyre forces increase. Small peaks in each 
curve can be seen at speeds of 9m/s and 27m/s. At these speeds, both unsprung masses reach 
maximum force levels in their 9.8Hz anti-phase bounce oscillation at the same loc ations on the road 
surface. This can be explained as follows.

Let the suspension's anti-phase bounce frequency be f and the vehicle speed be V. In a lightly 
damped, narTow-band, random oscillation, the trailing axle is expected to reach its maximum force
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levels 1/2 and 3/2 cycles after the leading axle, corresponding to times of l/2f and 3/2f. In these 
times the vehicle travels distances of V/2f and 3V/2f. If either of these distances is equal to the axle 
spacing L then the peak forces of each axle will occur at the same locations on the road surface. 
This leads to 'critical1 speeds of Vcr = 2fL and 2fL/3. For this vehicle model, f  = 9.8Hz, and 
L ss 1.4m, so Vcr = 27 and 9 m/s. In reference [91] it is shown that sprung mass modes of 
articulated vehicles can also lead to such critical speeds.

(a) Probability distribution at 30ni/s (b) Upper percentile aggregate forces
---------- -- Gaussian distribution as a function of speed.

Fig. 17.14 Aggregate tyre forces generated by the vehicle model travelling on a 'good' road. From [93].

Figure 17.15a shows a probability distribution of the damage criterion Djj, (ie calculated from 
equation 17.6 with n = 5). Unlike Figure 17.14a, the distribution is no longer Gaussian. The high 
power in the damage equation skews it towards the higher damage values. The upper percentile 
values of this distribution (normalised by the static values) are plotted as a function of speed in figure 
17.5b, for a ’good' random road, and a 'very good' random road (see Section 3.3). Also shown on 
this plot are the peak values, for a 12mm step up, on an otherwise smooth road surface profile.

The following observations can be made:

(i) Depending on the percentage of the road surface area considered in the analysis (the percentile 
level), the ratio of ’dynamic' to ’non-dynamic' fatigue damage may be in the range 2-7 for 
normal highway conditions of speed and roughness.

(ii) The ’critical speeds’ at 9m/s and 30m/s are present in figure 17.15b, for the reasons 
described above for figure 17.14b.

17.4.2 Single-Vehicle Pass Road Response Calculations

A number of theoretical studies of the interaction between vehicles and road surfaces have been 
performed in recent years (see summary in [96]). These studies can be divided into two distinct 
classes known as ’single-vehicle-pass' calculations and 'whole-life models'.

'Single vehicle pass' calculations [88, 91, 93, 129, 192, 344, 361, 374, 375] determine the 
incremental road damage due to one passage of a vehicle over a particular road. They are useful for 
comparing the effects of vehicle features on road damage.
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(a) Probability distribution at 30m/s. (b) Normalised fatigue damage for three different road
= damage due to static load profiles as a function of speed.

Fig- 17.15 Theoretical road damage generated by the vehicle model travelling on a 'good' road, using equation 17.5 or 
17.6 with n = 5. From [93].

The procedure generally involves simulating (or measuring) the dynamic tyre forces generated by a 
vehicle travelling over a specified road profile. These forces are used as input to a pavement model 
(flexible or rigid) and primary pavement responses, ie stresses or strains, arc calculated at many 
points along the road. Finally material damage models like equations 13.1 and 13.2 are used with 
damage accumulation calculations to determine theoretical road damage Djc at location k. For 
example, Miner's rule may be used to accumulate fatigue damage (equation 17.7), perhaps using the 
'rainflow' method [187] to count fatigue cycles (eg (192,374]).

Ne .
° к  = £ т Ь -  k = l ,2 ,3 . . .N s (17.7)

j=l lk

Here
Njk is the number of cycles to failure at location k due to strain cycle j, calculated using 

equation 13.1 or 13.2;
Ne is the number of strain cycles incurred at each point on the road; 

and Ns is the number of calculation points along the road.

The concept is shown schematically in figure 17.16.

Example - Fatigue Damage due to a Tandem-Axle Vehicle Model

The calculation procedure shown in figure 17.16 was used to calculate the theoretical fatigue damage 
generated in the surface of a flexible pavement, due to the tandem-axle vehicle model shown in figure 
17.13 [88, 93]. The road response model consisted of an Euler Beam, supported by a damped 
'Winkler' foundation, similar to that shown in figure 10.2. The analysis was performed for the same 
road profiles as in the previous example (Section 17.4.1). Maximum longitudinal tensile strains in 
the road model were calculated at stations spaced 150 mm apart along the road, using the dynamic 
road response calculation method described in Chapter 10. Strain time histories were calculated at 
each station. These are shown in figure 17.17, where the variation in strain due to dynamic loads 
can be seen clearly. Equation 13.1, with кг = 5, along with equation 17.7 were used to calculate 
the fatigue damage Die accumulated at each station.
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PAVEMENT 
MODEL

VEHICLE
SIMULATION

Layered clastic or 
viscoelastic pave
ment model used to 
calculate the strain 
influence functions due 
to a unit vertical load.

Vehicle simulation 
used to calculate the 
dynamic tire forces 
generated by each 
axle, in response to 
road roughness input.

Combination of dynamic tire forces with 
influence functions lo calculate the strain 
histories at regularly spaced points along 
the road.

Road strain history at each point combined 
with material damage properties (fatigue or 
permanent deformation) to calculate the 
damage at each point along the road.

Fig. 17.16 Schematic diagram o f’single pass'road damage calculation. From [96].

The probability distribution of this quantity was 'skewed', and similar to that for the weighted 
aggregate forces shown in figure 17.15a. The upper percentile values of the fatigue damage were 
calculated for the random profile tests. These were normalised by the 'non-dynamic' fatigue damage 
(ie calculated using the static wheel loads) and the results are shown in figure 17.18. The largest 
peak values for the step tests are also shown.

Figure 17.18 is similar to figure 17.15b, except that the accumulated damage levels decrease for 
speeds above 25 m/s for the random profile tests. This is a result of two conflicting factors:

(i) The dynamic force levels increase with speed in this frequency range (see figure 17.14b).

(ii) The deflections of the road surface (and hence longitudinal strains) decrease with increasing 
speed of the vehicle (see figure 17.19), due to energy dissipation in the road structure (ie the 
'speed effect', described in Sections 9.2.3 and 10.5.2).

In this example, factor (ii) outweighs factor (i), and the net road damage accumulation decreases 
slightly with vehicle speeds above 25 m/s. This is not the case for the step input, where the increase 
in the maximum dynamic forces with speed outweighs the effect of the road model response.

The ratio of dynamic to non-dynamic fatigue damage varies between 2 and 7 for typical conditions of 
highway roughness and speed in figure 17.18. Furthermore, the two 'critical' speeds (described in 
the example in Section 17.4.1) are apparent in the fatigue damage plot, just as in the aggregate force 
plots (figures 17.14b and 17.15b).
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Fig. 17.17 Extreme fibre strains in the roadway model at 5ms lime intervals as it is traversed by the vehicle model at 
30 m/s. Tension is plotted positive. Variations in the peak strain levels ts caused by dynamic 
fluctuation of the wheel forces. From [88J.

Fig- 17.18 Variation of normalised theoretical fatigue damage with speed, due to one pass of a tandem axle vehicle 
model with a Tour-spring' tandem suspension system in figure 17.13. From (88J.

Previous studies -  Flexible Pavements

O'Connell et al [361], Monismith et al [344] and Gillespie et al [192] used static models of flexible 
pavement response based on elastic layer theory. Monismith et al recognised the importance of the 
frequency dependence of road response and modified the elastic modulus of the asphalt according to 
the 'predominant' loading frequency (wheel load resonant frequency + 5Hz to account for the speed 
of 90 km/h). The model used by Gillespie et al included a viscoelastic correction for vehicle speed

Monismith et al and O'Connell el al assumed that dynamic wheel loads are randomly distributed over 
the road surface so that "any single point in the wheel path is likely to sustain the same level of 
loading as any other point... (and hence)... may be subjected to the full spectrum of loads that a 
given truck might apply" [344]. Thus they calculated the average value of the particular road damage 
criterion by assuming that each axle or axle group damages the road independently O'Connell ct al 
achieved this by calculating a modified Road Stress Factor (similar to equation 17.2) based on
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theoretical puvemcnl strains instead of the dynamic wheel loads. Monismith el ul analysed the wheel 
loads generated by one axle only of a tandem group.

.

Fig. 17.19 The effect of speed on beam deflections in a moving coordinate frame, for a steady 40kN load, located at 
x = 0, moving from left to right. As the speed of the load increases, the peak deflections can be seen to 
decrease, and to occur increasingly aft of the point of application of the load.

Monismith et al [344] concluded that for their particular conditions, the theoretical increase in damage 
done by dynamic wheel loads of three tandem suspensions compared with damage due to static 
wheel loads alone was: 19% for a torsion bar suspension; 22% for a four-spring suspension; and 
37% for a walking-beam suspension.

O'Connell et al [361] performed a parametric study of vehicle and pavement variables. They 
concluded that dynamic tyre forces can cause up to 25% increase in theoretical pavement damage, 
depending on the conditions, but that this can be improved by suspension design. Air suspensions 
were found to be the least damaging and walking beam suspensions, the most damaging. Although 
dynamic loads and theoretical cracking damage were found to increase slightly with tandem axle 
spacing, rutting damage was found to decrease dramatically because of reduced compressive strains 
in the subgrade.

Cebon [93] (see examples above), Gillespie et al [192] and Cole el al [129, 374, 375] based their 
damage predictions on the hypothesis that road deterioration is likely to be governed by damage at the 
worst locations rather than the average value over the road surface. (This hypothesis is consistent 
with the assumption of 'spatial repeatability' (see Chapter 18), because it assumes that particular 
locations will be damaged significantly more than others by all vehicles in the 'fleet'.) They 
calculated the accumulated damage at particular points along the road due to all of the axles of a 
vehicle, and then performed an upper percentile analysis as described in the previous sections.

In the extensive parametric study of the effects of dynamic tyre forces on damage to flexible and rigid 
pavements by Gillespie et al, [192], it was found that road damage increases with road roughness, 
but at different rates, depending on the suspension type. Walking-beam suspensions were found to 
generate their maximum fatigue damage at approximately 100 km/h, for reasons similar to those for 
the 'critical speeds' described in the previous section. They also found that rutting damage decreases 
rapidly with speed, because of the viscoelastic nature of flexible pavements (equation 14.8), and that 
dynamic loads have only a small influence.

From these upper percentile analyses, the researchers concluded that dynamic wheel loads are likely 
to have a much greater influence on pavement fatigue damage than predicted by the uniformly



BACKGROUND TO VEHICLE-ROAD INTERACTION 11V

distributed damage hypothesis (typically up to four times greater - eg figure 17 18). Note, however, 
thut theoretical rutting damage in the Cclxm's analysis |*>3|. and later in Gillespie's study 1102j was 
found to be much less sensitive to dynamic loads. This was because the exponent k2 in their 
respective damage equations (eg equation 13.1) was effectively I.

Previous Studies -  Rigid Pavements

The analysis of jointed rigid (PCC) pavements by Abbo el al |l ,  319] was essentially a single 
vehicle pass' calculation but it included a model of joint fault degradation with time. This study 
concluded the following:

(i) Under static vehicle loads, the ends of concrete slabs arc more prone to fatigue damage than 
the mid-slab region, due to the discontinuity in bending strength at the joints. Under dynamic 
loading, however, excitation of the sprung mass modes of the vehicle by joint faults can 
increase significantly the fatigue damage predicted for the mid-slab regions.

(ii) Suspensions ranked in order of increasing damage:
single four-spring < walking beam 
axle tandem tandem

Reducing the spacing of the four-spring tandem increased the predicted pavement strains and 
damage slightly. Reducing the walking beam spacing decreased dynamic loads substantially 
at highway speeds (depending on the speed, because of wheelbase filtering effects) and hence 
decreased predicted damage.

(iii) Suspension spring characteristics (stiffness and hysteresis) were found to be important, but 
tyre pressure was not,

Gillespie et al [192] also examined the effects of dynamic loads on rigid pavements and observed a 
similar suspension ranking to Abbo et al (above). Figure 17.20 is a typical result showing the 
influence of roughness level and suspension type on rigid pavement fatigue.

120 180 
Roughness (in/mi)

Fig. 17.20 Influence of tandem suspension type and roughness level on rigid pavement fatigue From 1192)

17.4.3 Whole-life Models of Flexible Pavements

’Whole-life' models of vehicle-pavement interaction [66, 365, 469] attempt to predict the 
deterioration of a pavement’s structural integrity and surface profile with time, due to the applied 
dynamic wheel loads. This requires an empirical relationship between the wheel forces and 
degradation of the road surface profile, which is an area of uncertainty It also requires ч-,*п»е 
assumptions to be made about the level of repeatability of wheel loads geneiated by the \chiJc fleet.
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Some of the previous calculations also attempted to include the affects of environmental/seasonal 
factors (temperature, freezing, etc) on road strength, and the statistical variation of structural 
properties along the road.

Previous wholedife flexible pavement analyses [66, 365,469] were all validated using data from the 
AASHO road test [8]. Predictions of rutting and cracking by Ullidtz et al [469] and Papagiannakis et 
al [365] reproduced the AASHO test results well. Papagiannakis et al found that the dynamic 
analysis improved the accuracy of their damage predictions considerably. Bradcmcyer et al [66] also 
achieved relatively convincing agreement of rutting and serviceability predictions with AASHO test 
data. In this case, however, the improvement in accuracy was relatively small over the results 
presented by Kenis et al [277] who performed a similar analysis of the AASHO road test (using the 
same VESYS analysis program) without including dynamic loads. Fatigue cracking predictions in 
[66] were inaccurate.

Neither [66] nor [469] drew any conclusions about the influence of vehicle design on road damage 
because the main emphasis of these studies was prediction of pavement degradation with time. 
Papagiannakis et al [365] deduced that rubber walking beam suspensions cause 17-22% additional 
theoretical damage due to dynamics (over that caused by the static loads alone), and air suspensions 
cause an additional 6-8%.

There are numerous difficulties and uncertainties in developing realistic whole-life models. 
Nevertheless, the whole-life modelling approach offers the best prospects for understanding the 
complex interactions that occur in the vehicle-road-environment system. Recent research in this area 
is the subject of Chapters 20 and 21.

17.5 CONCLUSIONS: COMPARISON OF VEHICLE FEATURES

The conclusions of this chapter regarding the importance of various vehicle features on relative road 
damage are collected together in figure 17.21. The vertical axis indicates road damage (plotted on a 
logarithmic scale) relative to that caused by a baseline' condition of tandem axles, dual tyres, perfect 
static load sharing, and no dynamic tyre forces. Each dark bar in the chart represents the results 
published in one or more papers.

Some conclusions that can be drawn from the chart are:

(i) Applying a tandem suspension load to a single axle can be expected to increase road damage 
by a factor of up to 25 (first bar of chart)1.

(ii) Replacing dual tyres with wide-base single tyres may increase road damage by a factor of up 
to 10 (second bar of chart).

(iii) Unequal static load sharing between axles in a tandem suspension may increase road damage 
by a factor of up to 3 (third bar of chart).

(iv) The fourth bar summarises the literature on the road-damaging effects of dynamic tyre 
forces. The average increase in damage caused by dynamic forces, compared to static forces 
alone is approximately 10% -  40% ('mean damage' on the fourth bar of the chart, as 
calculated by the road stress factor and/or by neglecting spatial repeatability). This is small 
compared with the effects of tyre type and unequal static load sharing shown in the second 
and third bars.

Assuming a high degree of 'spatial repeatability', the relative increase in peak road damage 
caused by dynamic forces is in the range 2 - 1 4  ('peak' damage in the fourth bar of the 
chart), which is comparable with the effects of tyres and unequal static load sharing. It

1 This is not a particularly realistic scenario, but is included for comparison purposes.
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should be noted that the higher value of 14 is for 'walking-beam' and 'pivoted-spring' 
tandem suspensions [199].

If the assumption of uniformly distributed (average) damage is correct, then dynamic loading is a 
relatively unimportant factor in road damage, compared with the effects of uneven static load sharing 
and wide single tyres. Conversely, if the assumption of spatial repeatability is found to be correct, 
then dynamic loads are an important factor in road damage and suspension design has a strong 
influence.

Spatial repeatability is the subject of the next chapter. The remaining chapters in this part of the book 
discuss the analysis of road-damaging potential of measured dynamic tyre forces and whole life road 
response models.

100
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18.1 SUMMARY

This chapter examines the extent to which lorries in normal traffic flow apply peak forces to the same 
locations along the road.

A validated vehicle simulation is used to generate a fleet of thirty-seven different hypothetical leaf- 
sprung articulated vehicles. The spatial distribution of tyre forces generated by each vehicle is 
compared with the distribution generated by a reference vehicle, and the conditions for which 
repeated heavy loading occurs at specific points along the road are established. It is estimated that 
two-thirds of four-axle leaf-sprung articulated vehicles (a large proportion of all heavy vehicles) may 
contribute to a repeated pattern of road loading.

An experimental study is described in which dynamic tyre forces were measured with a load 
measuring mat, 56m long, with 141 capacitative strip sensors, spaced at 0.4m intervals. Two sets of 
experiments are described. In the Phase I experiments the dynamic tyre forces generated by fourteen 
articulated vehicle combinations (3 tractors and 5 trailers) on a test track were measured. These 
forces are used to confirm the theoretical predictions of repeatability. In the Phase II experiments, 
the dynamic tyre forces generated by 540 heavy goods vehicles on a UK trunk road were measured. 
These results are used to estimate the degree of repeatability exhibited by a typical highway fleet of 
heavy goods vehicles. The experimental results are found to be largely in agreement with the 
theoretical predictions, and approximately half the vehicles tested are found to contribute to a spatially 
repeatable pattern of road loading.

This chapter is based on work previously published in [120,130]

18.2 INTRODUCTION

Various researchers have suggested that the peak forces applied by the heavy vehicle fleet are 
concentrated at specific locations along the pavement [88, 172, 213]. This effect has been termed 
'spatial repeatability', and was initially based on evidence like that shown in figure 7.12. Under 
these circumstances, some locations along the pavement may be expected to incur significantly more 
damage than the average [88]. The life of the pavement is then expected to be governed by the 
damage at these heavily loaded areas.

The first observation of spatial repeatability under highway conditions appears to have been made in 
1913 by Crompton [146] who noted that "commercial vehicles now consist of large fleets of 
wagons which are practically identical in all their harmonic features, and as these run over 
roads as regular as a train service on a railway they have a severe harmonic effect on the 
surface".

In 1983, Ervin et al [172], noted that three vehicles with different suspensions were all excited by the 
same roughness feature and consequently applied peak wheel forces to the same localised area in the 
vicinity of that feature. In 1985, the author [88] proposed that this load concentration would cause 
local road failure in the vicinity of the roughness feature. He therefore calculated the influence of
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dynamic tyre forces on road damage using this hypothesis. Hahn [213] suggested that because a 
large proportion of heavy vehicles tend to have similar geometry and dynamic characteristics, and 
tend to travel at similar speeds, spatial repeatability of pavement loading may be expected in normal 
traffic flow.

Vehicles in a particular weight class tend to have similar geometry because of the nature of vehicle 
size and weight regulations. There is greater variation in suspension characteristics, although at the 
time of this study leaf spring suspensions were fitted to a large proportion of heavy articulated 
vehicles. In the UK in 1986, 85-90% of trailers were fitted with leaf springs [336]. In 1987, Morris 
[347J estimated that of new vehicles in the USA, up to 70% of tractors and over 80% of trailers had 
leaf spring suspensions. Morris also quoted the results of surveys in Canada [ 171 j and Australia 
[443] which show that leaf spring trailer suspensions and walking beam drive axle suspensions were 
the most popular. In the intervening period, air suspensions have become considerably more 
popular, however this does not affect the basic outcome of the theoretical analysis described here.

Spatial repeatability is a central issue in the interaction between vehicles and roads. The level of 
repeatability might be expected to vary around the world, depending on road surface roughness 
standards, the local size and weight regulations and homogeneity of the vehicle fleet. This chapter 
describes theoretical and experimental research that has been performed to quantify the level of spatial 
repeatability on UK highways under typical operating conditions.

18.3 THEORETICAL STUDY

18.3.1 Simulation of a Vehicle Fleet
The two-dimensional articulated vehicle model described in Chapter 6 was used to create a ’fleet' of 
geometrically similar articulated vehicles, by varying eight parameters of the reference' model:

Tractor Trailer
Tyre stiffness
Drive axle spring stiffness
Drive axle spring friction force

Tyre stiffness 
Spring stiffness 
Spring friction force 
Sprung mass 
Sprung mass pitch inertia

These parameters were chosen because they can vary widely between vehicles and have a significant 
influence on dynamic tyre forces. Dimensional parameters were kept constant because most four- 
axle articulated vehicles in the UK have very similar geometry [22,472].

Ten vehicle models, numbered 1 to 10, were created by randomly increasing by 15% (multiplying by 
1.15) or decreasing (dividing by 1.15) or keeping constant, each of the eight parameters. The 
parameter variations of two further models were chosen to maximise and minimise the resonant 
frequencies, for models 11 and 12 respectively. This set of twelve models will be referred to as set 
(a). Two additional sets of twelve models, sets (b) and (c), were created by increasing the variations 
of the same parameters to 40% and 100%. In total there were 36 vehicle models, plus the reference 
model. Table 18.1 summarises the parameters of the reference model and nine other models. The 
parameters of the other models may be found in [113]. Tyre force histories were calculated for each 
vehicle model travelling over 220m of the measured test section profile used in the vehicle model 
validation study, described in Chapter 6.

The aggregate tyre force history (equation 17.5, with n = 1) was calculated so that the accumulated 
effect of all the axles of the vehicle could be assessed at various points along the road. Figure 18.1 
shows aggregate force histories of the reference model and models 8a-c. for a speed of 22 m/s.
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A disadvantage of using aggregate force with n = 1 is that no distinction is made between peaks and 
troughs in the force history. In the analysis of road damage it is the accumulation of peak forces that 
is of most concern. The peak forces can be weighted by calculating the aggregate fourth power tyre 
force history, using equation 17.5 with n = 4.

Vehicle |
Parameters Units Ref 4a 4b 4c 5a 5b 5c 8a 8b

15% 40% 100% 15% 40% 100% 15% 40% 100% I
Tractor
Tyre stiffness (single tyre) MN/m 0.9 0.78 0.64 0.45 1.04 1.26 1.8 1.04 1.26 1.8
Drive axle spring stiffness MN/m 1 0.87 0.71 0.5 1.15 1.4 2 1.15 1.4 2
Drive axle spring friction force 
Trailer

kN 7.5 6.52 5.36 3.75 7.5 7.5 7.5 6.52 5.36 3.75

Tyre stiffness (single tyre) MN/m 0.9 1.04 1.26 1.8 1.04 1.26 1.8 0.9 0.9 0.9
Spring stiffness MN/m 1.5 1.3 1.07 0.75 1.73 2.1 3 15 1.5 1.5
Spring friction force kN 7.5 8.63 10.5 15 7.5 7.5 7.5 6.52 5.36 3.75
Sprung mass Mg 20 23 28 40 17.4 14.3 10 23 28 40
Sprung mass pitch inertia Mgm2 250 250 250 250 250 250 250 288 350 500 |

Table 18.1 Vehicle model parameter variations.

Fig. 18.1 Aggregate force histories of the reference vehicle and vehicles 8a-c, speed lisais. The corresponding 
correlation coefficients are 1.0,0.959,0.843,0.626. From [120]
---------- vehicle 8 c ; ................. vehicle 8b; ............... vehicle 8a; ------------- reference vehicle

18.3.2 Measures o f Repeatability

C orrelation  C oefficient

The approach taken to quantify spatial repeatability was to compare the aggregate tyre force histories 
generated by each vehicle with those generated by the reference vehicle. A suitable measure of 
spatial repeatability should indicate high repeatability when the peaks of the two force histories occur 
close together along the road. Low repeatability should be indicated when the peaks of one history 
occur near the troughs of the second history.

A statistic which has this property is the correlation coefficient p [355], defined by

E [(x (t)-m „)(y (t)-m y)]

a xc y
(18.1)

where mx, my and a x, <Jy are the means and standard deviations of two signals x(t) and y(t). 
The value of p can be between +1 and -1. The properties of p may be examined using two sine 
waves of frequency to and phase difference ф:
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x(t) = sin(û)t) y(t) = sin((ot+0) ( 18 2)

In this case equations (18.1) and (18.2) give

P = cos<|>. (18.3)

When ф = 0 \  p = +1 the two waves are in phase and the peaks (and troughs) of each wave are 
at the same locations.

When ф = 180°, p = -1 the two waves are in anti-phase and the peaks of one wave are at the 
troughs of the other wave.

The correlation coefficient was used to assess spatial repeatability of tyre force histories (compared to 
a reference tyre force history) by calculating the correlation coefficient in the spatial domain rather 
than the temporal domain. Figure 18.2 shows how the correlation coefficient relates to the phase 
difference in terms of distance along the road, for frequencies of 3Hz and 15Hz and a vehicle speed 
of 22m/s. A reasonable threshold of repeatability is one eighth of a cycle phase difference, or 45\ 
corresponding to a correlation coefficient of 0.707. For a frequency of 15Hz this threshold 
corresponds to 0 .18m phase distance, about the length of a tyre contact patch or a small pothole. For 
a frequency of 3Hz the threshold phase distance is 0.92m.

Fig. 18.2 Correlation coefficient against phase distance, for frequencies of 3Hz and 15Hz and a speed of 22m/s.
From [120].

Accumulated Damage

A simple indication of spatial repeatability may be obtained simply by adding together all the 
aggregate tyre force histories of all the models. A high degree of spatial repeatability would be 
indicated by an accumulated force history with as much variation as the reference force history. A 
low degree of repeatability would be indicated by a uniform distribution of accumulated force.

Separation of Peaks

In [120], the mean separation of peaks in the aggregate tyre forces was also used as a measure of 
spatial repeatability. A high degree of spatial repeatability would be indicated by a small mean 
separation. The general form of the results was found to be similar to the correlation coefficient. 
However the results were generally found to be unsatisfactory because this measure docs not
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distinguish between low and high frequency force components, and because the calculation of the 
distance between peaks can be unreliable. It will not be pursued further in this book.

18.3.3 Results 

C orrelation  C oefficient

Tyre force histories were calculated for the reference vehicle and the 36 vehicle 'fleet' travelling at a 
'reference' speed of 22in/s. The correlation coefficients between the aggregate tyre force history of 
the reference vehicle and the histories of each other vehicle in the fleet were calculated, and are 
shown in figure 18.3. The graph shows that about one third of the vehicles have correlation 
coefficients below the threshold value of 0.707. However, examination of the parameters of these 
vehicles (for example, vehicle 8c) reveals that they are unlikely to exist in reality.

Fig. 18.3 Aggregate force correlation coefficients of the vehicle model fleet, speed 22m/s. From [ 120J.

The aggregate force histories of vehicles 8a-c shown on figure 18.2 have correlation coefficients 
from 0.959 to 0.626. This graph shows that there is a high degree of spatial repeatability even when 
the correlation coefficient has reduced to 0.626.

These results suggest that leaf-sprung articulated vehicles travelling at one speed are likely to load a 
road with a high degree of spatial repeatability. However, vehicle speed may have a significant 
influence, and this is investigated next.

Aggregate tyre force histories were calculated for the reference vehicle travelling at speeds greater and 
less than the reference speed (22m/s ±5%, ±10%, ±20%, ±40%). The correlation coefficients 
between each of these histories and the reference aggregate tyre force history were calculated. Figure
18.4 shows that the coefficient decreases as the vehicle speed moves away from the reference speed. 
The coefficient is greater than 0.707 for a speed range equal to about half of the reference speed.

The effect of speed variation on correlation coefficient for vehicle 5b is also shown in figure 18.4. 
The value of correlation coefficient at 22m/s, 0.702, is the same as shown on figure 18.3, but 
becomes closer to unity as the speed increases. The maximum value is 0.925 at 27m/s. This result 
indicates that the dominant modes of vibration of vehicle 5 have higher frequencies than those of the
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reference vehicle, so that peak correlation in the spatial domain
reference speed. occurs at a speed higher than the

Fig. 18.4 Aggregate force correlation coefficient against vehicle speed, for the reference vehicle and vehicle 5b. 
From [120].

vehicle ai22m/s From [1201
Fi8- 18.5 Spectral density of aggregate lyre force for the reference
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Examination of the spectral density of aggregate tyre force for the reference vehicle at the reference 
speed (figure 18 5) shows that sprung mass modes dominate in a narrow band at about 3Hz. It is 
likely therefore that spatial repeatability is related to the wavelength along the road corresponding to 
the dominant frequency in the aggregate tyre force spectral density. This was examined by plotting 
correlation coefficient against 'average sprung mass mode wavelength', which was calculated by 
dividing the vehicle speed by the 'average' frequency in the aggregate tyre force spectral density. 
For most of the vehicle models in the fleet, the sprung mass mode frequencies are in a narrow band, 
and therefore the aggregate tyre force histories resemble a 'narrow band' vibration. An average 
frequency can be determined by calculating the mean-level crossing frequency v j [355], defined by

(18.4)

where o x is the standard deviation of aggregate 1уте force and a x is the standard deviation of the 
first time derivative of aggregate tyre force. These values were calculated from the aggregate tyre 
force spectral density over the frequency range 0-7Hz, to eliminate the effect of wheel hop modes 
from the calculation.

The correlation coefficients and average sprung mass mode wavelengths were calculated for the 
aggregate tyre force histories of nine vehicles (vehicles 4a-c,5a-c, 8a-c,) at nine speeds (22mIs, 
±5%, ±10%, ±20%, ±40%). The values are plotted in figure 18.6, with the nine points belonging to 
each vehicle joined by lines. The peak value of correlation coefficient obtained from each vehicle 
corresponds closely to the sprung mass mode wavelength (7.0m) of the reference vehicle travelling at 
the reference speed.

AVERAGE SPRUNG MASS MODE WAVELENGTH /  m

Fig. 18.6 Aggregate force con-elation coefficient against average sprung mass mode wavelength for the reference 
vehicle and vehicles 4a-c, 5a-c, 8a-c. From [120].

This result confirms the importance of average sprung mass mode wavelength on the spatial 
repeatability of tyre forces. All but one of the vehicles have peak correlation coefficients well above 
0.707. Vehicle 8c does not exceed 0.64, because it has two distinct sprung mass frequencies, at 
1.5Hz and 3Hz. This vehicle would be unlikely to exist as an entirely leaf-sprung vehicle because
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leaf spring suspensions are no! usually soft enough to give a 1.5Hz frequency. However, these 
frequencies might be obtained, for example, from a vehicle comprising a leaf-sprung tractor and an 
air-sprung trailer.

The general shape of figure 18.6 may be regarded as a characteristic of four-axle leaf sprung 
articulated vehicles. It relates sprung mass mode wavelength to spatial repeatability of tyre force.

Figure 18.7 shows the correlation coefficients calculated from the a ^re fta te  fourth power force 
histories (equation 17.5, with n = 4) plotted against average sprung mass mode wavelength, in the 
same manner as figure 18.6. The two graphs are very similar. This indicates that when the 
correlation coefficient is used as a measure of repeatability, the choice between aggregate force and 
aggregate fourth power force does not have a strong influence on the result.

AVERAGE SPRUNG MASS MODE WAVELENGTH /  m

Fig. 18.7 Aggregate fourth power force correlation coefficient against average sprung mass mode wavelength for the 
reference vehicle and vehicles 4a-c, 5a-c. 8a-c. From [ 120].

Accumulated Damage

The aggregate tyre force history of the reference vehicle at 22m/s is shown in figure 18.8a The 
coefficient of variation is 0.072. Figure 18.8b shows the accumulation of the 108 different aggregate 
tyre force histories calculated during this study. The coefficient of variation is 0 060 Summing a 
large number of different force histories has not resulted in a significant decrease in the coefficient of 
variation, despite the inclusion of vehicles with extreme parameter variations.

Figure 18.8c shows the accumulated fourth power tyre force histories. The data have been 
normalised so that a value of one corresponds to static forces alone. If this graph is considered to be 
an indication of road damage distribution, then it can be seen that some areas of (he road receive 
nearly four times the damage caused by static forces alone.

The road profile is shown in figure 18.8d. It is possible to see that peaks in the accumulated force 
correspond to particular features of (he road profile.
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DISTANCE /  m

Fig. 18.8 (a) Aggregate force history of the reference vehicle at 22m/s. Coefficient of variation 0.072
(b) Accumulated forces from 108 vehicle passes. Coefficient of variation 0.060.
(c) Accumulated fourth power forces from 108 vehicle passes, normalised by static forces.
(d) Road profile. All from [120].

Sum m ary o f  Results

The correlation coefficient is preferred over the mean separation of peaks as a criterion for spatial 
repeatability of tyre forces. The choice between aggregate tyre force and aggregate fourth power tyre 
force is not critical. The aggregate tyre force is used in the rest of this chapter.

18.3.4 Analysis o f Fleet Operating Conditions

The previous section showed that for four-axle leaf-sprung articulated vehicles, the average sprung 
mass mode wavelength is significant in determining the spatial distribution of tyre force. In this 
section the distribution of average sprung mass mode wavelength in normal traffic flow is estimated, 
and using the characteristic in figure 18.6, the proportion of four-axle leaf-sprung articulated vehicles 
that contribute to a repeated pattern of road loading is estimated.
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The calculation procedure is:

1 . Estimate the distribution of vehicle speed v.
2. Estimate the distribution of sprung mass mode period T.
3. Calculate the distribution of sprung mass mode wavelength X, where X=vT.
4. Calculate the proportion of vehicles that have sprung mass mode wavelengths within the limits 

set by the characteristic in figure 18.6.

Distribution o f  V ehicle Speed

Results from the 1987 National Speed Survey [271 were used to determine the mean and standard 
deviation of the speeds of heavy articulated vehicles. The survey measured the speeds of vehicles in 
unimpeded traffic flow on 26 single-carriageway A-roads, 23 dual-carriageway A-roads, and 5 
motorways. For each of these three classes of road, the survey presented speed distributions for 
several classes of vehicle, including heavy articulated vehicles. The results from the motorway sites 
were used for this study, to minimise the speed variation that might exist between sites. The speed 
distribution for heavy articulated vehicles in the survey was found to be approximately Gaussian (sec 
[120]). The mean speed mv was found to be 24.2m/s and the standard deviation ov was 3.6m/s 
(14.8% of the mean).

Distribution of Sprung Mass Mode Period

Published test data of leaf-sprung articulated heavy vehicles (see [113] for details) were used to 
estimate the probability distribution of the sprung mass mode period. A reasonable estimate is that 
95% of leaf-sprung articulated vehicles have periods between 0.25s and 0.5s (corresponding to 
frequencies of 4Hz and 2Hz). Assuming that the distribution is Gaussian, the mean period my is 
0.375s (2.7Hz) and the standard deviation Oj is 0.0625s (16.7% of the mean).

Distribution o f Sprung Mass Mode Wavelength

The sprung mass mode wavelength X is related to speed v and sprung mass mode period T by

An expression for calculating the mean and standard deviation of the product of two non-zero mean 
Gaussian variables is needed. From equation (3.132) of [50],

Е(У1У2УзУ4] = E[y 1У2МУ3У4] + Е[у2Уз]Е[у|у4] + Е[у|Уэ]Е[у2у4] -  2my| myjmyjmÏ4 ( 18.6)

where y 1-4 are Gaussian random variables and т Ум are their mean values. Substituting yi=y2=v, 
УЗ=У4=Т, and vT=X gives

X=vT (18.5)

where

Thus

m j  +  =  гП у Ш т  +  t f y i n j  +  O j n i y  +  o J o t  +  ~ 2т у т т
(18.8)
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If v and T are independent, which is a reasonable assumption in this case, then

= mvmT (18.9)

and, from (18.8),

= ^OyGj + a jm j  + G jm J. (18.10)

Substituting the numerical values for mv, ov, mT> gives

m^ = 9.1m Gx = 2.0m. (18.11)

This result is an estimate of the mean and standard deviation of sprung mass mode wavelength for 
four-axle leaf-sprung articulated vehicles in normal motorway traffic flow.

P roportion  o f Vehicles

The general characteristics in figure 18.6 can be scaled to account for the ratio of mx = 9.1m, 
estimated for highway conditions, to mx = 7.0m calculated above for the theoretical vehicle fleet. 
The threshold wavelengths of 5.8 m and 9.0 m (in figure 18.6) then become 7.5m and 11.7m. The 
proportion of vehicles having sprung mass mode wavelengths between these two limits can be 
estimated using the Gaussian probability integral, tabulated in [355], and is found to be 68%. It is 
therefore likely that the peak forces generated by approximately two-thirds of heavy articulated 
vehicles are concentrated at specific locations along the road.

The main consequences of this result are: (a) road life is likely to be governed by damage at these 
locations, (b) the effects of dynamic tyre forces are likely to be significant compared with other 
vehicle features, such as tyre configuration, (c) any measure of vehicle dynamic loading such as may 
be used in a suspension assessment test should consider peak dynamic forces rather than average or 
RMS dynamic forces.

18.4 EXPERIMENTAL STUDY

Most experimental work on dynamic tyre forces has been performed using instrumented vehicles 
[96]. This approach has the advantage of relative simplicity and low cost when testing a small 
number of vehicles. However, when the dynamic tyre forces of many vehicles are to be assessed 
quickly, either on the test track or on the public highway, instrumenting each vehicle is not practical. 
For this reason, the measurements described in this chapter were performed using the ’load 
measuring mat', described in Chapters 7 and 8 to measure the dynamic tyre forces generated by a 
heavy commercial vehicles. Two sets of tests are described. The Phase I tests were performed on a 
section of the Transport Research Laboratory (TRL) test track in the UK, using 14 different vehicle 
combinations. The Phase II tests were performed on a section of a highway in normal traffic.

Î8.4.1 Experimental Measures of Spatial Repeatability 

D efinition o f S R I

The correlation coefficient between two measured aggregate force histories, the 'subject' history u 
and a carefully selected 'reference' history v is known as the 'Spatial Repeatability Index’ (SRI) 
[144]. Using equation 18.1, the SRI can be shown to be:

SRI =
(18.12)

V  2 
a j  and Gy
Hu and Hv

where is the co-variance between u and v, 
are the variances of u and v, and 
are the mean values of u and v.
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Representing the two aggregate tyre force histories u and v by their Fourier expansions, it can be 
shown that equation 18.12 becomes (see [376] for further details):

£  F‘uFiv cos<t>j 
SRI = ---- ^ -------------

i=l

1/2

сскф,
1=1_______ (18.13)

where Fju and F-v are the amplitudes of the i* wavenumber components of u and v, and 
is the phase shift of the i'th wavenumber component between Fi° and Fjv.

It can be seen from equation 18.13 that the SRI contains magnitude and phase information from all 
wavenumbers present in the aggregate force histories.

Effects o f Measurement Noise

The reduction in SRI due to measurement noise may be investigated by considering the correlation 
between the same two aggregate force histories u and v but with added noise terms present. 
Assuming that the added noise on the aggregate force histories are uncorrelatcd functions of distance 
(but with the same statistics) it can be shown that equation 18.13 becomes:

SRI = -
L FiuF,vcos(fi 

J s l_________
1/2 *

(18.14)

2К°"+°2.)И+0*«
where and СЕу are the variances of the measurement noise on aggregate force histories u and v. 

Referring to equation 18.13, equation 18.14 can be rewritten as:
SRI I

[{1 + K / ° f . ) 2}{1 + (a e,/Of>)2}

(18.15)

where SRI|£=0 is the SRI for the aggregate force histories with no measurement noise.

Now consider the value of SRI for two tests of the same vehicle, at speeds near to the reference 
speed. Assuming the standard deviations of the dynamic loads on the two aggregate force histories 
are equal (au = a v = Of) and that the standard deviations of the noise on the two aggregate force 
histories are equal (O^ = o£v = oe). Then equation 18.15 can be simplified to:

SRI 1

SRIle=0 [l +  ( a E/ 0 f ) 2]
(18.16)

It can be seen from equation 18.16 that increasing the noise to signal ratio o£/Of decreases the 
maximum possible SRI between the two aggregate force histories. If there is no noise 
(oe/ o f = 0), then the maximum possible SRI is 1.0. However, if the standard deviation of the 
noise is equal to the standard deviation of the dynamic tyre force (aE/a f- = 1), the maximum possible 
SRI between the two aggregate force histories is 0.5.

Determination of Noise to Signal Ratio for an Aggregate Force History

To calculate the SRI from equation 18.16 the noise to signal ratios |o E /Cfu.CCv/ a vjfor both of 
the aggregate force histories is required. It can be shown that the noise to signal ratio tor a typical 
aggregate force history u may be calculated from the noise on the individual tyre force histories 
using the following equation (see [376] for further details):
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where is the variance of the noisy aggregate force history u, 
is the variance of the noise on an individual axle and 
is the number of axles on the vehicle.

This can be calculated easily if the RMS measurement errors о £  ̂are known. 

Accuracy of the SRI C alculation

(18.17)

The accuracy of a correlation coefficient estimate, on which the SRI is based, was examined by 
Bendat and Piersol [50]. Following their method, the (1 -  a) x 100% confidence interval may be 
estimated using the equation (see [50] for further details):

where

lanh^tanh"‘(SRI) -  - j= = = -j < SRIT < lanh^lanh-1 (SRI) +

SRI7 is the true value of the sample estimate SRI,
N is the number of pairs of observations and
za is the 100a  percentage point of the standardised normal distribution.

(18.18)

Figure 18.9 shows equation 18.8 for a  = 0.05 (ie 95% confidence limits) for different numbers of 
pairs of observations N. It can be seen that as the number of pairs of observations decreases, the 
confidence in the SRI estimate decreases rapidly. For all the curves the confidence interval increases 
to a maximum as the SRI estimate tends to zero and decreases to zero as the SRI estimate tends to 
±1. For example, if the number of pairs of observations was N = 1000 and the SRI estimate was 
zero, there is a 95% probability that the true SRI falls within -0.062 < SRI j  £ 0.062. However, if 
the number of pairs of observations was limited to N = 10, the corresponding 95% confidence 
interval would be -0.63 < SRI? < 0.63 indicating a low degree of confidence in the SRI estimate.

Fig. 18.9 95th percentile confidence limits for the SRI estimate. From (130).
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18.4.2 Phase /  tests 

Mat Installation

The first phase of the tests described in this chapter were performed on the Transport Research 
Laboratory (TRL) test track during the winter months of 1991/92. The load measuring mat 
(described in Chapter 8) was installed on a long straight section of the track. Each mat tile was 
attached to the relatively smooth brushed concrete surface by an adhesive sheet and six screws. 
There were 47 tiles in total, containing 141 sensors, giving an overall instrumented length of 56 4m. 
Sheets of plywood were used to provide a ramp up to the mat, and a run-off section, both 15m long.

The outputs of the sensors were logged and processed by nine Golden River 'Marksman М600' 
data-loggers. The data stored by each logger was transferred to a personal computer by a serial 
communications line.

Vehicle Tests

The accuracy of the mat for measuring dynamic tyre forces was investigated using a vehicle 
instrumented to measure dynamic tyre forces. The test vehicle was a two axle rigid truck, with single 
tyres on the steering axle and dual tyres on the drive axle. Steel spring suspensions were fitted to 
both axles, and the gross mass was 17 tonnes. The instrumentation fitted to the end of each axle 
consisted of strain gauges to measure axle bending and an accelerometer to correct for the inertia 
(linear and angular) of the mass outboard of the gauges [337]. The data was logged by a digital data
logger on-board the vehicle. Three measured force components (axle strain gauge, bounce 
correction and roll correction) were added together to produce the total dynamic tyre force (sec 
Section 7.3 for details).

Synchronisation of the on-board measurements with the mat sensor measurements was achieved by 
means of an infra-red transmitter and detector mounted on the vehicle. The detector sensed reflective 
markers placed alongside the mat. Five markers were used along the length of the mat. The 
instrumented vehicle was driven over the mat 35 times at speeds varying from 2 to 27 m/s.

Following the instrumented vehicle tests, fourteen un-instrumented articulated vehicles were tested 
on the mat. All the vehicles belonged to TRL and each comprised one of three tractor units, and one 
of five trailers. Each vehicle was fully laden, and driven over the mat about fifty limes at speeds 
between 2m/s and 27m/s. Table 18.2 describes the tractors (designated by numbers 1-3) and trailers 
(designated by letters A-E). The combination vehicles are designated by a number and a letter 
throughout the remainder of this chapter (eg vehicle 2C refers to tractor 2 with trailer C).

The steering axles of articulated vehicles usually have relatively low dynamic force variation, and at 
low speeds the forces applied to the pavement surface are close to the static weights. Therefore, the 
mat sensors were initially calibrated by using the measured static weights of the steering axles of 
three of the test vehicles. The static axle weights were measured by portable weigh-pads.

Using this initial set of calibration factors, all of the low speed axle force time histories measured 
with the mat were examined to determine which axles showed the least dynamic force variation. Five 
axles (two steer, one drive, and two trailer axles) were observed to have low dynamic loads. The 
results from a total of 23 low speed tests for these axles were then used to determine a final set of 
calibration factors for the sensors in the mat.

Figure 18.10a shows a histogram of the errors in the measurements by sensor 9, where the 'Static 
Error’ is defined by:

C alibration

(18 19)
Mat force
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The un-shaded bars show the sensor errors for all the low speed runs of all the vehicles; the RMS 
error (standard deviation) is 5.5%. The shaded bars show the sensor errors for the twenty three 
calibration runs only; the RMS error is 2.6%.

No.
Axles

Suspensions Tyres*

Tractor 1
f t *

2
Front: Multileaf springs + dampers 
Rear: Multileaf springs + dampers

S, D

Tractor 2
O p

2
Front: Multileaf springs + dampers 
Rear: Air springs + dampers

S, D

Tractor 3
£ - 5 3

3 Front: Multileaf springs + dampers 
Rear: Multileaf ‘4-spring’ tandem

S, D, D

Trailer A *-----------o x r 1 2 Wide-spread steel ’4-spring' 
tandem (monoleaf)

D, D

Trailer B 1. Т-япкЪ о 1 2 Wide-spread steel ’4-spring’ 
tandem (monoleaf)

D, D

Trailer C '----------- o t r * 2 Rubber ’walking-beam' tandem 
+ dampers

D, D

Trailer D 1 —  c r o 1 2 Air tandem + dampers D, D

Trailer E 1 -- o o o * 3 Steel 'б-spring' triaxle (multileaf ) W. W.W

Table 18.2 Descriptions of vehicles tested using the load measuring mat on the TRL test track. 
* Tyre types: S * Single, D s  Dual, W = Wide single

Fig. 18.10a Error between measured and static force, 
sensor number 9. From [130].

Fig. 18.10b RMS static error for 23 calibration runs. 
From [130].

Of the 141 sensors in the mat, three were found not to work, and seven were found to be noisy 
(most likely due to damage in transit). The seven noisy sensors were included in the following 
accuracy calculations, but were ignored for subsequent analyses of the wheel forces.

Figure 18.10b shows the distribution of the RMS error for all of the sensors in the mat (including the 
seven noisy ones) for the final calibration runs. The average RMS error of all the sensors was 5%. 
This value can be considered to be the 'baseline' accuracy of the system, and compares closely to the 
4% observed previously for a similar mat by Cebon and Winkler [102] (see Section 8.5). The main 
difference is due to the seven noisy sensors. It is also apparent that there is a spread of sensor 
performance, with individual sensors showing errors as low as 2.5% RMS.

When all the low speed mat runs are combined, the average RMS error increases to 7.8%. The 
difference between these two average error levels is due to dynamic force variation.
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Figures 8.11 a,b show comparisons of lhe steering and drive axle tyre forces measured by the mat 
and measured by the sensors on the instrumented vehicle, for a speed of 25m/s. It is apparent from 
these figures that the sensor measurements closely follow the on-board measurements. Note that 
there is considerable discrepancy in the last 5m of the drive axle trace. This was caused by the 
vehicle moving off the correct path, so that the whole of the tyre width was not over the mat.

Further information about the accuracy of the mat during these tests can be found in [374].

Fig. 18.11 Comparison of wheel forces measured by the mat and the instrumented vehicle travelling at 25 m/s. 
(a) Steer axle, (b) Drive axle. From [374].

Correction for Measurement Errors

To minimise the effects of the 5% average RMS sensor error, tyre force measurements from repeat 
runs at the same speed were averaged together before the aggregate force was calculated. There were 
nominally three repeat runs for each vehicle test speed.

The individual SRI points may be corrected for measurement errors by calculating the reduction in 
peak SRI using equation 18.15 with the noise to signal ratios calculated from equation 18.17. For 
three averaged tyre force measurements, the standard deviation of the sensor error is 
Ce =5/V3 = 2.9%. The noise-corrected SRI curve was therefore obtained by dividing each un- 
correcled SRI point by the corresponding reduction calculated from equation 18.15.

Effect of Speed

The effect of vehicle speed on spatial repeatability was investigated initially by calculating the SRI 
between the aggregate force history of a reference vehicle (vehicle number 1A) travelling at a 
reference speed of 22m/s, and aggregate force histories for the same vehicle ( 1 A) travelling at speeds 
greater and less than the reference speed. The results (un-corrected for measurement errors) are
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presented in figure 18.12, which shows that the SRI is 1.0 when the speed is the same as the 
reference speed (as expected), and less than 1.0 when the speed is different from the reference speed 
(22 m/s). Also shown in figure 18.12 (dotted line) is the noise corrected SR! curve and the 95th 
percentile confidence limits for a typical measurement point calculated from equation 18.18 (plotted 
as an error bar).

Figure 18.12 also shows the results of a simulation of the aggregate force SRI for a similar vehicle, 
from the theoretical study described in Section 18.3. The two results agree well throughout the 
speed range, although the theoretical results tend to over predict the SRI at higher test speeds and 
under predict the SRI at lower test speeds. This is probably due to differences between the vehicle 
model and the test vehicle.

E ffects o f  V ehicle C onfiguration

Figure 18.13 shows results (corrected for measurement errors) for vehicles 1 A, IB, 1C, ID and IE 
at various speeds, correlated with the reference vehicle (1A) travelling at the reference speed of 
22 m/s. These vehicles all have the same tractor, with six different trailers (see Table 18.2). All the 
vehicles show a peak in corrected SRI near to the reference speed. The maximum SRI values range 
from 0.91 for vehicle 1C, to 0.63 for vehicle ID. The threshold level of repeatability is shown in 
figure 18Л 3 by the horizontal dashed line at 0.7.

The theoretical study above showed that the dominant wavelength of the aggregate force history is 
the main factor in determining the correlation between vehicles. Vehicle ID comprises a steel-sprung 
tractor and an air-sprung trailer. It is likely that the aggregate force history of this vehicle is not 
dominated by a single wavelength (see [120]), and therefore the correlation with the reference vehicle 
is low. All the other vehicles (steel-sprung trailers and a rubber-sprung trailer) are likely to have 
similar wavelengths to the reference vehicle and therefore have higher maximum SRIs.

Figure 18.14 shows the corresponding graph for vehicles 2A -  2E, using vehicle 2A at 22m/s as the 
reference (see Table 18.2). The corrected SRIs vary less with speed than for vehicles 1A-E (figure 
18.13). The reason for this may be due to the combination of dissimilar suspensions on the tractor 
and trailer leading to the absence of a single dominant wavelength in the aggregate forces.
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Fig. 18.14 SRI for vehicles 2A, 2B, 2C, 2D and 2E. Vehicle 2A is the reference vehicle. From [130].

Figure 18.15 shows the results for vehicles 3A, 3B, 3D, and 3E, using vehicle 3A at 22m/s as the 
reference (see Table 18.2). All the vehicle combinations shown in figure 18.15 (apart from the 
reference) display low repeatability. The tractor used in all these vehicle combinations (tractor 3) had 
a stiff tandem drive axle suspension with lightly damped axle pitch and body bounce modes of 
vibration. Possible causes of the low repeatability arc: (i) poor correlation due to the high frequency 
tandem pitching mode and (ii) an increase in sensitivity to changes in the trailer suspension group, 
caused by the stiff tractor suspension.

Figure 18.16 shows corrected SRIs for the fourteen vehicles travelling at 19 m/s correlated with 
vehicle 1A also travelling at 19 m/s. The vehicles are ordered along Ihe horizontal axis in 
descending order of correlation at this speed. The graph also shows the corresponding results for the 
speeds of 22 m/s and 26 m/s. In these cases, the reference vehicle is also I A, travelling at 22 m/s 
and 26 m/s respectively.
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Vehicle Number

Fig. 18.16 Ordered SRI for all vehicles correlated with vehicle 1A travelling at different reference speeds. From 
1130}.

For all three speeds the corrected SRI decreases as the vehicle becomes less similar to the reference 
vehicle. Most of the vehicles with the reference tractor (number 1) have relatively high corrected 
SRIs, and the vehicles most different to the reference vehicle tend to have low corrected SRIs. This 
is particularly evident for tractor 3, with its stiff tandem leaf spring suspension, and trailer D which 
has an air suspension.

Aggregate Fourth Power Force

Figure 18.17 shows the accumulated pavement damage caused by 140 aggregate 4th power force 
histories (equation 17.5, with n = 4) for the 14 different vehicles. Interpolation was used to 
estimate sensor forces where no reading was available. The results have been normalised by the
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damage due to the static tyre forces alone (/> a value of one corresponds to the damage caused by the 
static axle loads of the 140 vehicle passes). Despite the wide range of vehicles and speeds used in 
this study, there is a dominant wavelength of approximately 8m in the aggregate fourth power force 
history. This wavelength is probably associated with the sprung mass modes of vibration of the 
vehicles. It agrees reasonably well with the 7m predicted in .Section 18.3.3. The peak pavement 
damage is approximately 1.8 times that caused by the static loads alone.

Fig. 18.17 Normalised aggregate 4th power forces for 140 vehicle runs. From [ 130).

The horizontal lines on Figure 18.17 show upper percentile levels of Ajj. The 95th percentile level of 
damage is 1.4 times the 'static damage' (due to the static loads alone). If it was assumed that there 
was no spatial repeatability (dynamic forces randomly distributed along die pavement), the damage 
would be uniformly distributed along the pavement at the mean level, which is 1.05 times the static 
damage. Spatial repeatability therefore caused a significant increase in the theoretical damage at some 
locations along the pavement surface by dynamic loads, even for the relatively smooth surface of the 
TRL test track and the diverse set of vehicles tested on the mat.

J8.4.3 Phase II Tests
Results from the Phase I tests verified that theoretical predictions of spatial repeatability for individual 
vehicles agreed relatively well with experimental results. However, the fleet of vehicles used during 
the Phase I tests may not have been typical of the distribution of vehicles in mixed traffic and so the 
results did not provide information about spatial repeatability on the highway. Consequently, a 
second set of tests were conducted on a section of highway in the normal flow of traffic The 
following section describes the installation, calibration and operation of the Phase II tests and 
investigates the spatial repeatability of the measured tyre forces.

In sta lla tion

The Phase II tests were performed in June 1992 on the south bound carriageway of the A?4 trunk 
road near Oxford, just north of the A44 junction. The mat was installed in a lay-by' situated along a 
straight section of jointed-conerete pavement. The installation procedure was similar to that used h*r 
the Phase I tests with the addition of one extra mat tile giving a total of 144 sensors, and an overall 
instrumented length of 57.6m. The installation used 12 screws per tile. A tapered strip of lubber 
was also laid along the offside edge of the mat to reduce the danger to motorcyclists from the 12mm
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thick longitudinal step along the mat. The surface of the lay-by was relatively smooth, and as a 
result, the vehicles passing over the mat were expected to generate small dynamic tyre forces. 
Installing the mat and all instrumentation took seven workers approximately 30 hours, and was 
completed within three days.

As before, data logged by the Golden River Marksman M600 data-loggers was transferred by serial 
communications lines to a personal computer. Separate files were produced for each minute or so of 
traffic (between one to ten vehicles, depending on the concentration of traffic). In the subsequent 
data reduction, individual vehicles were extracted from these files. Figure 7.6 shows the completed 
mat installation. The data-loggers can be seen on the footpath, and the caravan containing the 
personal computer can be seen in the distance, at the upstream end of the mat.

In order to classify the vehicles, a video record of the tests was compiled. Three video cameras were 
installed, two for vehicle identification purposes, and one which acted as a 'black box’ recorder of 
the entire site, in case of an accident. One vehicle identification camera was positioned next to the 
mat at the beginning of the sensor array, lm above ground level, pointing towards oncoming traffic 
in order to record vehicle licence plates. The other was sited directly along the line of the mat beside 
the caravan in order to assess the accuracy with which the tyres tracked along the mat. Two 
researchers recorded vehicle suspension types as vehicles passed over the mat, for use in later 
analysis. After the tests, a database of the vehicles passing over the mat was compiled, containing 
the test time, configuration, suspension type etc, in order to provide a link-up with the data recorded 
by the load measuring mat.

To restrict traffic flow as little as possible, both lanes were kept open. An elaborate arrangement of 
traffic cones and signs was devised to ensure that trucks used the inside lane containing the mat, and 
all other vehicles used the outside lane. The traffic cones were also used to restrict the lane width 
over the site to ensure that all truck tyres tracked along the centreline of the mat. The vehicle speed 
limit was set to 18m/s (40mph) over the test site for safety reasons. To avoid congestion (the A34 is 
the main route from Oxford to Birmingham), testing only took place on Tuesday to Thursday from 
10.00am-4.00pm.

C alib ration

In the Phase II tests, the mat was tested for only three days on a public highway, so there was less 
opportunity to gather calibration data than in the Phase I tests. The sensors in the mat were calibrated 
using the measured static loads from a two-axle rigid vehicle provided by TRL. The TRL vehicle 
had steel springs fitted to both axles and the static loads were measured using on-board 
instrumentation. The TRL vehicle was driven over the mat eight limes at speeds varying from 2m/s 
to 6m/s. The number of calibration runs was restricted by the traffic on the highway. Between 
calibration runs the instrumented vehicle had to travel around two junctions of the A34 (each circuit 
took approximately 20 minutes). The sensors were calibrated using the static loads from the four 
least dynamic steering axle passes, and two of the least dynamic drive axle passes. This gave an 
average RMS sensor error of 7.5%. This can be compared to an average RMS error of 5% found 
during the Phase I tests. It is reasonable to assume that if more calibration runs had been possible, 
the RMS error would have been reduced to the previously measured level of accuracy (5%).

A typical force history measured with the mat during the A34 tests is shown in figure 18.18. The 
axle load shown is for the last axle of a three axle articulated vehicle fitted with steel suspensions, 
travelling over the mat at a speed of 15m/s. The effects of vehicle dynamics are clearly visible.

Of the 144 sensors in the mat, 13 were unplugged during operation, as they were either not 
operating, or noisy. (This problem was thought to be caused by damage during transit.) During 
three days of testing, approximately 20 Megabytes of data were collected.
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Vehicle Speed Over Mat / m/s VchicIe Configuration

Fig. 18.19 Vehicle speeds tested over mat, [130]. Fig. 18.20 Measured vehicles by type, (130).

O peration

Figure 18.19 shows the distribution of measured speeds of the vehicles passing over the mat 
(ignoring vehicles travelling at crawling speed). The average speed was around 15m/s. This is 
significantly lower than the 18m/s limit because of the narrow spacing between the rows of cones 
forming the traffic lanes.

During the three days of testing, approximately 1500 vehicles passed over the mat. About half of 
these vehicles travelled over the mat at crawling speed owing to congestion that the mat inevitably 
caused. However, about 700 vehicles were recorded ai speeds over lOin/s. A detailed breakdown 
of these vehicles by vehicle class is shown in figure 18.20. This figure also divides the vehicle 
categories into laden and unladen. In order to classify vehicles as laden or unladen, the unladen 
weight of each vehicle was estimated. This was compared w'ith the maximum legal limit for the 
vehicle class, to enable the transportable load to be estimated. A vehicle was classified as unladen if 
it was carrying less than half its legal transportable load. Over half the vehicles recorded were 
articulated ('А’ in the key), the largest categories being two axle tractors with tandem axle trailers
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(A2+2) and two axle tractors with tri-axle trailers (A2+3). Most of the remaining vehicles were two- 
axle rigids (Rig2) with the remainder consisting of three and four axle rigids (Rig3 and Rig4) and 
truck-full-trailer configurations (T2+2).

Figure 18.21 shows the gross vehicle weight distribution for all the articulated lorries. It can be seen 
from this figure that gross vehicle weights for the A2+3 vehicles are grouped around two distinct 
bands, one at 150kN, and the other at 360kN (corresponding to unladen and laden conditions 
respectively) whereas the corresponding curve from the A2+2 vehicles shows only one distinct peak 
at 120kN, which tapers off at higher weights. This is thought to be due to differences in the type of 
cargo carried by the two vehicle types. The 5-axle articulated vehicles are likely to be used to carry 
mass-limited cargo whereas the 4-axle articulated vehicles are more likely to be used to carry bulk- 
limited cargoes. Further information about the static loads of vehicles measured in these tests can be 
found in [375].

Fig. 18.21 Gross vehicle weight distribution for all articulated vehicles. From [130].

D eterm ination o f the Reference Vehicle

To determine the reference vehicle from a number of aggregate force histories measured using the 
load measuring mat, a matrix of SRIs was determined using each vehicle in turn as the reference 
vehicle, for example considering n vehicles:

SRIjj =

'S R I,,,

SRI 2,1

SRJj 2 

SRI2f2

• S R I,,n -

SRIn,l SR I„,B

(18.20)

Note that all the SRIs on the leading diagonal are 1, and the matrix is symmetric (ie SRIy = SRIjj). 
The number of vehicles in each row (or column) with SRIs greater than the threshold repeatability 
level of 0.7 was then calculated. The reference vehicle was then chosen to be the vehicle 
corresponding to the row (or column) with the greatest number of repeatable vehicles.

Comparison with Theoretical Predictions

Figure 18.22 shows the SRIs for the 4-axle semi-trailers with steel suspensions on both the tractor 
and trailer, measured using the mat. As before, the SRIs were corrected for measurement errors by
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dividing the un-corrected SRIs by the corresponding reductions in peak SRI calculated using 
equations 18.16 and 18.J7. The reference vehicle was determined using the method described 
above. However, it was found that when the average sensor error of 7.5% RMS was used, the 
corrected SRIs were too high, with some vehicles having values greater than 1. Consequently, an 
average sensor noise level of 5% RMS (calculated from the Phase I tests) was used to correct the SRI 
values in figure 18.22 and the other Phase II test results. This is likely to give a conservative 
estimate of the proportion of vehicles showing repeatability.

It can be seen from figure 18.22 that the proportion of vehicles above the threshold repeatability level 
is 53% which may be compared to the 67% estimated for similar vehicles in the theoretical study 
(Section 18.3). The difference between the measured and predicted repeatability is most likely due to 
differences between the simulated and measured fleet of vehicles.

Repeatability within Vehicle Classes

Figures 18.23-18.25 show the corrected SRIs for the 3 major classes of vehicles measured using the 
mat; 4-axle semi-trailers (A2+2), 5-axle semi-trailers (A2+3) and 2-axle rigid vehicles (Rig2). The 
vehicles within each major class have also been sub-divided according to the type of suspension on 
the trailer unit (eg A2+2(air) refers to air suspension on the trailer). The reference vehicle for each 
sub-class was chosen using the procedure detailed above .

The proportion of vehicles having corrected SRIs above the threshold level determined from figures 
18.22-18.24 was: 49% A2+2(steel), 49% A2+2(air), 35% A2+3(stecl), 38% A2+3(air) and 37% 
Rig2. The proportion of repeatable vehicles in each group is generally high because there is a single 
dominant wavelength component in all the aggregate force histories due to the sprung mass modes of 
vibration of the vehicle. However, the characteristic shape of the corrected MA speed curve seen in 
figure 18.12 for a single vehicle is not evident from figures 18.23-18.25. This is because the effects 
of vehicle differences within a given class (eg axle spacing, suspension characteristics, gross vehicle 
weight etc) are much greater than the variations produced by speed differences alone.
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Fig. 18.23 Repeatability for 4-axle articulated vehicles. From [130].
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It can also be seen from these figures that the proportion of repeatable vehicles is lower for the 5-axle 
(A2+3) articulated vehicles than for the 4-axle (A2+2) articulated vehicles. This is probably due to 
the differences between the gross vehicle weight distributions for the two classes of vehicle (shown 
in figure 18.21).

R epeatability for all Vehicles

Figure 18.26 shows the corrected SRIs for all the vehicles measured with the mat (including 2-axle 
rigid vehicles). The reference vehicle was a 2-axle rigid vehicle travelling at 16.5m/s (chosen using 
the procedure detailed above). This vehicle was correlated with all other vehicles, both articulated 
and rigid. From this figure, it can be established that 42% of all vehicles showed corrected SRIs 
above the threshold level.
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Fig. 18.25 Repeatability for 2-axle rigid vehicles. From [130].

Fig. 18.26 Repeatability for all vehicles including 2-axle rigid vehicles. From [130].

Aggregate Fourth Power Force

Figure 18.27 shows the accumulated pavement damage caused by the 542 aggregate fourth power 
force histories for the same vehicles shown in figure 18.26. Interpolation has again been used where 
no sensor reading was available and the results have been normalised by the damage due to the static 
tyre forces alone. The dominant wavelength of 8m found from the Phase I daia (figure 18.17) is not 
as strongly present in this data. This is probably due to the diversity of the vehicles included in 
figure 18.27 and additional sensor noise in the Phase II tests. The peak damage is approximately 2 
times that caused by the static loads alone. Also shown in figure 18.27 are (he 95th. 99ih percentile 
and mean damage levels. If it was assumed that there was no spatial repeatability, the damage would 
be uniformly distributed along (he pavement at the mean level, which is 1.1 times the static damage.
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However, the upper percentile levels of the aggregate fourth power force are strongly influenced by 
the accuracy of the few sensor readings in the most heavily loaded areas. Consequently, the 
reliability of these upper percentile levels is likely to be lower than the reliability of the SRI which 
relies equally on all the sensor readings (see equation 18.12).

18.5 CONCLUSIONS

(i) A fleet of leaf-sprung articulated vehicle models was created from a validated simulation. 
Calculated tyre force histories were used to investigate spatial repeatability of lyre forces.

(ii) The correlation coefficient between aggregate tyre force histories (otherwise known as the 
Spatial Repeatability Index - SRI) is a convenient measure of repeatability, a suitable 
threshold value being 0.707. (iii)

(iii) The average sprung mass mode frequency and vehicle speed are significant in determining the 
spatial distribution of aggregate tyre force for leaf-sprung articulated vehicles.

(iv) From the theory it was estimated that approximately two-thirds of four-axle leaf-sprung 
heavy articulated vehicles may contribute to a repeated pattern of road loading.

(v) The results of the Phase I experiments largely confirmed the theoretical predictions of the 
influence of speed on spatial repeatability of aggregate tyre forces.

(vi) The Phase II tests indicated that approximately half of all vehicles tested on the A34 in the 
normal flow of traffic were found to contribute to a spatially repeatable pattern of loading.

(vii) The implication of conclusion (vi) is that fatigue failure of pavements is likely to be governed 
by peak dynamic forces at specific locations along the road. Any measure of dynamic 
loading performance should consider these peak forces rather than average dynamic forces.
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19.1 SUMMARY

The measured dynamic wheel loads generated by fourteen articulated vehicle configurations (3 
tractors with 5 trailers) are assessed in terms of a variety of road damage criteria. The results are 
used to investigate the effects of vehicle configuration, vehicle dynamics, speed, road strength, and 
road damage criteria on the relative theoretical road damage caused by the vehicles. Conclusions are 
drawn about tests for measuring and assessing the road-<lamaging potential of heavy lorries.

The dynamic tyre forces generated by approximately 700 heavy goods vehicles (HGVs) on a 
highway were analysed to investigate the relative road damaging potential of the various classes of 
vehicles. Air suspensions were found to be more effective at static load equalisation than steel 
suspensions. Two criteria were used to rank axle-groups in terms of road damage: the average 
dynamic load coefficient, and the 95th percentile aggregate fourth power force. These criteria were 
found to rank axle-groups in different orders, due to spatial correlation between tyre forces. On 
average, air suspended vehicles were found to generate smaller dynamic loads and hence less road 
damage than steel suspended vehicles. However, some air suspensions with inadequate suspension 
damping were found to generate high dynamic loads and consequently high levels of road damage.

This chapter is based on work previously published in [93,374, 375]

19.2 INTRODUCTION

One way to reduce road damage due to heavy vehicles is to introduce regulations which encourage 
the use of ’road-friendly’ suspensions, which generate lower dynamic tyre forces [118, 210]. 
Although such regulations do exist in limited form, current assessment and testing procedures have 
serious deficiencies, because they are based on various vehicle response criteria which are not 
directly related to road damage. (Vehicle assessment is discussed in Part 7).

It is important that a vehicle assessment procedure should account for all of the important vehicle and 
road factors [96]. To achieve this, it is necessary to devise a testing procedure which ranks vehicles 
in terms of their road-damaging potential. It is not possible to measure road damage directly, but it 
is possible to measure dynamic tyre forces, then to use some of the approaches described in Chapter 
17 to estimate road-damage - at least for the purposes of ranking vehicles. This is thought to be one 
practical way to assess the road-damaging performance of vehicles [96,118].

Before such a vehicle performance test can be introduced, several important, detailed questions must 
to be resolved:

(i) Does the ranking of vehicles in terms of road damage depend on the strength of the road?

(ii) Is it necessary to process dynamic tyre forces with a theoretical road response/damage model, 
or can vehicles be ranked correctly using simplified criteria based directly on measured 
dynamic tyre forces?
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(iii) Docs every iractor/troiler combination have to be tested as a coupled unit, or is it possible to 
rank suspension performance by testing all tractors using a standard trailer, and all trailers 
using a standard tractor?

(iv) Can the road-damaging qualities of a suspension be assessed by measuring the loads 
generated by individual axle groups, or is it necessary to examine the road damage done by 
the whole vehicle?

The main aim of the research described in the first part of this chapter was to answer these questions, 
using experimental measurements of the dynamic lyre forces generated by a representative sample of 
UK articulated vehicles.

Previous experimental studies of dynamic tyre forces were performed under controlled conditions 
using specially prepared heavy vehicles, with instrumented axles (sec (961). Most of these 
instrumented vehicles were tested on test tracks [214, 302. 337, 5051, although some were tested on 
public roads (443 J. This approach has the advantage of relative simplicity and low cost when testing 
a small number of vehicles. The researchers generally concluded that soft, hydraulically damped 
suspensions (air or torsion bar) generate lower levels of dynamic forces than stiff suspensions with 
friction (steel leaf springs). Consequently, they inferred that air and torsion bar suspensions are 
more road friendly.

There are two main deficiencies of the previous research:

(i) The studies investigated a limited number of well maintained (or new) suspensions, under 
artificial conditions. The results cannot necessarily be extrapolated to the operation of typical 
vehicles on the highway.

(ii) Because of the difficulty and expense of the instrumentation systems, many of the previous 
studies only examined the dynamic forces generated by one instrumented axle. They 
therefore ignored the dynamic interaction between axles.

The research described in the second part of this chapter examined the dynamic tyre forces generated 
by many heavy vehicles, under highway conditions, in order to assess the influence of suspension 
design. It was considered to be important to record the tyre forces generated by all axles of the 
vehicles, and to use realistic road damage criteria.

The experimental data analysed in this chapter was collected during the 'Phase Г and 'Phase II' 
experiments described in the previous chapter (Sections 18.4.2 and 18.4.3).

19.3 PHASE I TESTS

19.3.1 Methodology

The Phase I tests involved controlled measurements on 14 different articulated vehicle combinations, 
using the load measuring mat on the TRL test track (see Sections 18.4.2). Two different approaches 
were used to compare the road-damaging effects of different vehicles: (i) analysis of aggregate force 
as per equation 17.5; and (ii) 'single-vehicle-pass' road damage calculations as described in Section 
17.4.2. Damage was assessed for each tractor unit alone, for each trailer unit alone, and for each 
vehicle combination.

19.3.2 Details of the Single-Vehicle-Pass Model 

Road Structure Models

The road response calculation used the 'influence function' formulation, equation 10.21. This 
includes the effects of vehicle speed and variation of load magnitude, but not the effects of the 
frequency of the applied dynamic loads on dynamic pavement response. All primary response
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influence functions were generated using a modified version of the VESYSIIIA pavement model 
[277].

Fatigue Damage Model

The general form of the asphalt fatigue damage model was based on a power law relationship like 
equation 13.1, with the value of k) and кг taken from the literature [72j: kj = 1(H2 cycles, 
кг = 4. The same power was used in one of the aggregate force calculations.

The 'rainflow* method [1871 was used to convert the strain time history at each point along the road 
into Nc equivalent single strain cycles. Accumulation of fatigue damage due to passage of the 
vehicle was then calculated using Miner's hypothesis for accumulation of fatigue damage (equation 
17.7).

Permanent Deformation Model

The rutting calculation (vertical permanent deformation), was based on a linear viscoelastic model, 
using the clastic-viscoelastic correspondence principle as described by equation 14.7.

Influence functions for the rates of permanent vertical surface displacement were calculated using an 
elastic layer calculation (VESYS IIIA). with the elastic modulus E for each road layer replaced by 
its viscous equivalent X. Permanent deformation was restricted to shear flow in the surface layer 
only, by assuming Poisson’s ratio to be 0.5, and the equivalent viscosities of the lower layers to be 
infinite. The equivalent asphalt mix viscosities X were obtained using the procedure described in 
Section 14.4.

Road Model Parameters

Four different road models were used in the study -  two for the fatigue analysis and two for rutting. 
The parameters were chosen to represent weak and strong roads. Each model had three layers: 
asphalt surface, subgrade and base. The layer moduli were the same for each model, but the layer 
thicknesses were different. The model parameters are listed in Table 19.1.

1 Fatigue model Rutting model I Layer thickness

I Pavement 
I Layer

D Young's 
0 Modulus 
|  E (MPa)

Poisson's
Ratio

V

Uniaxial 
Viscosity 
X (MPa s)

Poisson’s
Ratio

V

I 'Weak' 
road 
(mm)

'Strong'
road
Onm)

I Surface I) Variable* 0.4 60 0.5 110 320
|| Base I 125 0.3 5620 0.5 150 300
I Subgrade 1 50 0.4 5620 0.5 oo oo

Table 19.1 Parameters of the road surface primary response models.
* The surface layer elastic modulus varied from 11,000 to 15,000 MPa depending on vehicle speed.

Damage S tatistics

The results of the investigations of 'spatial repeatability' described in Chapter 18 indicated that 
approximately half of the vehicles recorded on the mat in the Phase II (highway) tests contributed to a 
spatially repeatable pattern of loading. This means that some locations along the road surface are 
likely to incur much higher levels of damage than the average. Assuming that dynamic wheel loads 
are repeatable in space, it is logical to assess vehicle performance by considering the damage incurred 
at these most heavily damaged locations along the road. Thus the 95th percentile level of the road 
damage criterion of interest (aggregate forces, fatigue or permanent deformation) was used in this 
study as a measure of road damage.
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19.3.3 Effect o f Static Loads and Speed on the Road Damage Models

Figure 19.1 shows rutting damage due to the static axle loads of each vehicle plotted against speed, 
and figure 19.2 shows a similar graph for fatigue damage. For both models, the road damage 
decreases with speed due to reductions in primary pavement responses, caused by viscoelastic 
effects. This is typical for asphalt pavements (see Chapters 14 and 17). Over the speed range of 
interest, rutting damage decreases at a faster rate than fatigue.

Fig. 19.1 Theoretical rattiog damage to the strong road, due to the static loads of the test vehicles, as a function of 
speed. From [374],

For the viscoelastic permanent deformation mode) (Chapter 14), rutting damage is governed by the 
gross vehicle weight. This is shown by the close grouping of most of the curves in figure 19.1. 
These vehicles were all loaded to the same nominal weights, and all had the same axle and tyre 
configurations. Vehicles IE and 2E cause significantly greater damage than the rest because the 
triaxle trailer (E): (i) carried a higher total load, and (ii) was equipped with wide single tyres, which 
are known to be more damaging than dual tyres carrying the same static load (see Chapter 17).

Fig. 19.2 Theoretical fatigue damage to the strong road, due to the static loads of the test vehicles, as a function of 
speed. From (374).

Fatigue damage is governed by individual axle loads, rather than gross vehicle weight [96, 192). 
The wide variation between the individual damage curves in figure 19.2 is due to differences in the
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static axle loads of the test vehicles. The damaging effects of the wide single tyres on trailer (E) are 
not as obvious as for rutting (figure 19.1), because the three axles in the triaxle group carry lower 
static loads than the two axles in the tandem groups on the other trailers. This accounts for the two 
vehicles IE and 2E causing relatively less fatigue damage than rutting damage.

19.3.4 Effects of Damage Criteria and Speed 

Rutting and Aggregate First Power Forces

Plotting the theoretical 95th percentile rut depths for the dynamic wheel loads of vehicles 1A-1E 
yields a graph which is hardly distinguishable from figure 19.1, for the static wheel loads (see 
[374]). The dominant factors are the sensitivity of the road response model to speed, and to a lesser 
extent the tyre type, as well as the gross vehicle weight, just as for the case of the static loads. 
Dynamic loads have very little effect on rutting damage. Consequently it is difficult to distinguish 
between vehicles, and there is no significant change in the ranking of various vehicles with speed.

Figures 19.3 shows the 95th percentile level of the aggregate first power forces Aj[ plotted against 
speed, for tractor 1 with all trailers (combinations 1 A-IE). Similar graphs for tractors 2 and 3 can 
he found in [374].

Speed / mph

Fig. 19.3 95th percentile aggregate first power forces for vehicles I A, 1 B, 1C, 1D and 1E as a function of vehicle
speed. From [374].

The aggregate first power force damage criterion does not account for road response effects, or tyre 
types. In the absence of vehicle dynamics, the aggregate damage would remain constant at a value 
equal to half of the gross vehicle weight (the mat measured the forces generated by the wheels along 
one side of the vehicle only), independent of speed. The shallow slope of the curves indicates a 
small increase of vehicle dynamics with speed. The curves would be steeper if the road surface was 
rougher [93],

Vehicle 1E generates the highest aggregate forces because it has the highest gross weight. The 
vehicles generally rank in the same order for each speed, however, vehicle 1C can be seen to cause 
more damage relative to other vehicles at higher speeds. This is because the rubber 'walking-beam* 
suspension on the trailer generates large dynamic loads, and is the most sensitive to speed.

Comparing figures 19.1 and 19.3 illustrates the importance of road response on the damage criterion. 
Although both the rutting and aggregate first power forces ore proportional to the applied loads, 
rutting damage can be seen to decrease with speed due to decreasing road response, whereas 
aggregate first power forces increase with speed due to increasing dynamic loads.
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Fatigue and Aggregate Fourth Power Forces

Theoretical 95th percentile fatigue damage due to dynamic loads, is plotted as a function of speed for 
the 'strong' road in figure 19.4. The effect of speed on the road response model is again the 
dominant factor controlling variation of road damage, although dynamic loads have a significant 
effect, especially for vehicles incorporating tractor unit 3 (not shown - see [374]). The general trend 
is towards road damage decreasing with speed, because the decreasing primary road response 
overcomes the increasing magnitude of dynamic lyre forces with speed. It should be recognised, 
however, that this result is strongly dependent on the amplitude of the dynamic loads and the 
assumptions incorporated in the pavement response model. For rougher roads the increase in 
dynamic loads with speed may outstrip the decrease in pavement response, so that fatigue damage 
will increases with speed [93, 192] (see Figure 17.18).

»
E«

D

Speed / mph

Fig. 19.4 95th percentile theoretical fatigue damage to Fig. 19.5 95th percentile aggregate fourth power 
the strong road for vehicles 1A-E as a forces for vehicles IA-E as a function of
function of vehicle speed. From [374]. vehicle speed. From [374].

Figures 19.5 shows the 95th percentile aggregate fourth power force a£ plotted as a function of 
speed for the same vehicles as Figure 19.4. This graphs is similar to the first power plots (figure 
19.3), although the steeper slopes indicate that the fourth power criterion is more sensitive to 
dynamic load level and hence vehicle speed.

For most speeds, the vehicles rank in similar orders for both the fatigue criterion (figure 19.4) and 
the aggregate fourth power forces (figure 19.5). One exception is vehicle IE, which has the triaxle 
trailer with wide single tyres. This trailer causes relatively more damage according to the fatigue 
criterion than the aggregate fourth power criterion, because of the higher tyre contact pressures.

The main difference between the two damage criteria is caused by the effect of road response: fatigue 
damage tends to decrease with speed, but aggregate fourth power force damage increases with speed.

In summary:

(i) If vehicle assessment requires absolute values of road damage and/or its dependence on 
speed, tyre types and axles spacings; then it is necessary to assess vehicle loads with road 
damage criteria that incorporate road response calculations,

(ii) The dominant factors in rutting damage (and the aggregate first power forces) are vehicle 
speed and gross vehicle weight: dynamic tyre forces do not have a significant influence. 
Dynamic forces are much more important in fatigue damage.

As a consequence of (ii), rutting damage and aggregate first power forces will not be considered 
further in this chapter.
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19.3.5 Effect of Road Strength

In [374], fatigue damage calculations are performed for the 'weak' road as well as the 'strong' road 
It is shown that although (he absolute road damage is several orders of magnitude more for the weak 
road than the strong road, the variation with speed is similar and there is very little difference m the 
ranking of the vehicles at each speed. Similar results were obtained for all vehicle combinations and 
for rutting damage. This agrees with previous results by Gillespie et al [ 192J.

Note, however, that in the long term, the mode of failure of ’weak’ and 'strong' roads may be 
different. It is likely that 'weak' (thin) asphalt roads will fail by fatigue and strong (thick) asphalt 
roads will fail by permanent deformation, with very little fatigue damage (see Chapter 20). In this 
scenario, the correct ranking for vehicles on the 'strong* road should probably be that for permanent 
deformation, which will be different to the ranking for 'weak' roads - which would be for fatigue.

19.3.6 Normalised Results
In figures 19.6 to 19.9, the road damage level plotted is normalised by damage due to the static 
axle loads of the vehicle at the corresponding speed. This isolates the effects of vehicle dynamics, 
and removes the influences of: (i) primary pavement response variation with speed and (ii) static 
load levels. This normalisation allows direct comparison of rutting damage with the aggregate first 
power force criterion; and fatigue damage with the aggregate fourth power force criterion. Damage 
data on the plots are grouped into average results for three speed bands: 35-45mpb, 45-55mph and 
55-65mph.

Results for T ractor Units

Figures 19.6 and 19.7 show the fatigue damage and the aggregate fourth power forces calculated 
from the forces generated by tractor axles alone. The levels of normalised 95th percentile damage 
are similar for both criteria, and approximately 1.5 to 2 times the static values.

An important feature of figures 19.6 and 19.7 is that the damage done by each tractor is almost the 
same, whichever trailer is attached. Thus tractor 3 can be seen to generate the largest normalised 
road damage for all of the trailers, when assessed by any of the four damage criteria Similarly 
tractor 2, which has an air suspension on the drive axle, can be seen to generate slightly lower 
damage than tractor 1 (steel drive axle suspension) for all trailers.

There are some small differences between the response of the tractors with the various trailers, 
however the trailers affect the tractor results in essentially the same way (/> the tractor* rank in the 
same order) for both the fatigue and aggregate fourth power force criteria, in each of the speed 
ranges. An exception is vehicle 3E, which shows relatively higher aggregate fourth power fortes 
than fatigue damage. This is thought to be caused by the effects on pavement strain response of the 
closely spaced tandem drive axles of tractor 3, combined with a relatively lower static load on (he 
tractor drive axle group when triaxle trailer E is attached, than for the other (tandem axle) trailers.

Note also that the air suspended trailer D causes all tractors to generate slightly higher damage, for 
both criteria. This is thought to be due to a trailer pitch vibration mode which causes high dynamic 
loads to be applied to the tractor fifth wheel coupling.

In summary:

(i) The normalised fatigue damage of vehicles with similar arrangements of axles and tyres, 
can be assessed using the simple aggregate fourth power force criterion

(ii) To an acceptable level of accuracy, the suspensions of tractor units can be assessed with any 
trailer attached. In order to minimise the small variations in theoretical mad damage with 
trailer type, apparent in figures 19.6 and 19.7, it would be advtsable to use a standard tuder 
for testing all tractors.
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Results for T railer Units

Figure 19.8 shows the fatigue damage plotted for the trailer units alone, with various tractors 
attached. The aggregate fourth power forces were found to be similar to the fatigue damage and are 
not shown (see (374)). The normalised fatigue damage takes values in the range 1.5-2.5.

1 1.5 2 2.5 3
Normalised 95% Agg.Fourth Power Forces

Fig. 19.6 Normalised 95th percentile fatigue damage Fig. 19.7 Normalised 95th percentile aggregate 
to the strong road for tractors alone. From fourth power forces for tractors alone.
[374]. From [374].

The rubber walking-beam suspension on trailer C generates significantly higher dynamic loads and 
higher road damage than the other trailers, especially in the highest speed band. This results in 
normalised 95th percentile fatigue damage approximately 2.5 times the value for static loads. 
Conversely, the air suspended trailer (D) generates relatively low damage for all tractors.

These plots show a strong influence of tractor dynamics on the road damage done by the trailer 
axles. Tractor 3 causes all trailers to generate the highest road damage at the higher speeds, for all 
criteria. Similarly, the trailers with the air suspended 'road-friendly' tractor 2 almost always 
generate higher damage than the trailers with steel suspended tractor 1. This type of tractor/trailer 
discussed in Section 7.4.6, in Chapter 28 and in [127].

In summary : from the limited set of vehicles tested here, it appears that trailer suspensions cannot be 
assessed using a standard tractor, because the tractor significantly affects the response of the trailer.

Results for the Whole Vehicles

The damage generated by the whole vehicle is more complex, because it involves many conflicting 
factors. Nevertheless, it is presented in figure 19.9 for completeness. Vehicle combinations 3A and 
ЗБ are particularly damaging. This is because the suspension of tractor 3 is lightly damped for low 
frequency body pitch and bounce modes, and when it is combined with trailers A and E, tuning of 
the two vehicle units causes high dynamic loads to be applied at some locations along the road.
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In general Ihc normalised damage level for the whole vehicle is affected more by the trailer unit, than 
by the tractor unit. This is may be cxjiccted since all the vehicles tested were loaded to the legal limn 
and the largest proportion of this load was in nil eases earned by the nailer axle group As a 
consequence of this, the ranking of the trailers alone can generally be used to predict the ranking of 
the whole vehicles. For example, vehicle 3E is worse that vehicle 2E both in figure 19 8 (trailer only 
results), and in figure 19.9 (whole vehicle results). Conversely, the ranking of tractor suspension* 
cannot be used to predict the ranking of the whole vehicles. For example vehicle 1C is better than 
vehicle IB in figure 19.6 (tractor only results), but vehicle 1C is worse thun vehicle IB in figure
19.9 (whole vehicle results).

In summary: for the vehicles tested in this study, it is possible to estimate the influence of trailer 
suspensions on damage done by the whole vehicle by measuring the dynamic loads generated by the 
trailer alone. However, it is only possible to assess the effects of the tractor suspensions on damage 
done by the whole vehicle by measuring the dynamic forces generated by all axles simultaneously.

Fig. 19.8 Normalised 95th percentile fatigue damage 
to the strong road Tor trailers alone. From 
[374].

Fig. 19.9 Normalised 95th percenuk fatigue 
damage to the strong rood lor *huk 
vehicles. From 1574)

19.4 PHASE II TESTS

The Phase II tests involved measurements using the load measuring mat on the A34 trunk road (xe 
Section 18.4.3). In ihis section, the tyre forces of approximately 700 vehicles, both rigid aad 
articulated, measured during the Phase LI tests, are analysed to assess their road-damaging potential

19.4J Load Sharing Coefficient
The effectiveness of static load sharing of multiple-axle suspensions can be quantified uwng the Load 
Sharing Coefficient (LSO introduced in Chapter 17 (equation 17 1) In tins study, n was assumed
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that the load on each axle was equally distributed over the tyres on both sides of the vehicle. Ideal 
performance corresponds to all tyres in the group carrying equal static loads during operation, which 
corresponds to the LSC= 1.0.

Figure 19.10 shows the distribution of LSCs for all the trailer tandem groups where a suspension 
type could be identified. (The suspension type was recorded when the vehicles were travelling 
across the mat, so it was not possible to identify the suspension type more accurately than simply air 
or steel.) The spread of LSC values for the air suspensions is considerably less than for the steel 
suspensions. This indicates that the air suspensions have better load equalisation performance. This 
agrees with the conclusions of previous researchers (see Section 17.3.3 and [337,443]).

Fig. 19.10 Load Sharing Coefficient for trailer tandem groups. From [375]

Figure 19.11 shows the distribution of LSCs for all the tri-axle trailer groups. Two separate 
probability distributions have been drawn, corresponding to equation 17.1 evaluated for the first and 
second axles in the groups. (The probability distribution for the third axle in the groups is very 
similar to that of the first axle.) For all three axles the mean value of LSC is very close to unity. For 
the middle axle in the group (figure 19.1 lb)» the distribution of LSC about the mean value is very 
similar for steel and air suspensions. When the first axle is considered however (figure 19.1 la), 
there is a large difference, with the steel suspensions showing a much wider spread of LSCs (with 
over twice the standard deviation of the air suspension LSCs). This indicates that for the steel 
suspension units, there is, on average, relatively poor load sharing between the first and third axles, 
whereas for air suspensions, there is good load sharing.

19.4.2 Dynamic Load Coefficient

The Dynamic Load Coefficient (DLC) was introduced in Chapter 5 (equation 5.6). It has previously 
been found to be strongly dependent on speed, suspension design, vehicle configuration and road 
roughness. In this study, an average DLC for each axle-group was calculated. This was the mean 
value of DLC for all axles in the group. The purpose of generating an average DLC was to enable a 
comparison between different suspension groups more easily.

In figures 19.12 and 19.13, the DLC is used to compare the average road damaging potential of 
various laden vehicles. Vehicle axle-groups are split into the following classes: tandem axle air and 
steel suspensions (2a and 2s), tri-axle air and steel suspensions (3a and 3s) and single axle air and 
steel suspensions (la  and Is). The error bars show the standard deviation of DLC for the vehicles 
within each category. This will arise rfom variations in vehicle configuration and suspension design 
between vehicles.
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(a) (b)

Fig. 19. II Load Sharing Coefficient for trailer tri-axle groups. From (375]

Fig. 19.12 Class-averaged DLC vs speed for drive axle-groups (error bars show the standard deviation) From [375J

Figure 19.12 shows the DLC averaged over all suspensions in each class {class averaged DLC), 
plotted against speed for tractor drive axle groups, over speed ranges of +2in/s There is an increase 
in DLC with speed, which is expected. The results also show that in the lowest speed range, the air 
suspended tractor axles have, on average, a lower DLC than steel suspensions, but in the high »peed 
range, this is reversed. This is contrary to previous results measured on instrumented vehicles 1337) 
which have shown that single axle air suspensions generate lower DLCs for all speeds. The poor 
performance of air suspensions on the highway is probably due to insufficient vibration damping 
caused by inadequate or poorly maintained hydraulic dampers.

Figure 19.13 shows the class averaged DLC plotted against speed, for trailer axle-groups Again, 
the DLC increases with speed. There is also a clear ranking between suspensions, with the steel 
suspensions being more dynamic on average than the air suspensions. Thctc ln little ditlercnce 
between tandem and tri~axle suspensions of the same type. This is thought to be because the maw 
dynamic force peaks occur at low frequencies due to vehicle sprung mass motion which *> n«t 
affected strongly by the number of Under axles in (he group.
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Fig. 19.13 Class-averaged DLC vs speed for trailer axle-groups (error bars show the standard deviation). From [375].

19.4.3 Aggregate Force Damage Criterion

It was not possible to carry out a detailed fatigue damage analysis using road response models, 
because the tyre types of the vehicles were not recorded (they could not be identified from the video 
recordings). However, for the Phase I tests (above) it was shown that the aggregate fourth power 
force criterion (equation 17.5) is useful for comparing the relative fatigue damage of vehicles with 
similar tyre and axle configurations.

In the following analysis, the aggregate fourth power forces are normalised by the static weight of 
the vehicle (or axle-group) to allow the test vehicles to be compared directly. Axle-groups are 
identified in the same way as the previous section, and error bars again show the standard deviation 
of aggregate force for vehicles within each category.

Aggregate Forces for Axle Groups

Figure 19.14 shows the class-averaged 95th percentile aggregate fourth power force for all tractor 
drive axle groups for which the suspension type was identified. The average normalised damage 
level is approximately 2.2. The highest levels of damage are caused by air-sprung drive-axles (la). 
Comparing figures 19.12 and 19.14, it can be seen that the two damage criteria rank the single axle 
suspensions in the same order (as expected).

Figure 19.15 shows the class-averaged 95th percentile aggregate fourth power force for all trailer 
axle-groups for which the suspension type was identified. The average normalised damage level is 
roughly 1.9, which is less than for the drive axle-groups. Comparing mean values, it can be seen 
that the tri-axle trailer suspensions on average generate lower aggregate forces than tandem trailer 
axle groups for the same class of suspension, and that air suspensions generate higher aggregate 
forces than steel axle groups with the same number of axles.

When the class-averaged DLC is compared with the 95lh percentile aggregate fourth power force 
criterion (by comparing figures 19.12 and 19.13 with figures 19.14 and 19.15), it is apparent that 
the two criteria rank the suspension classes in different orders. For the trailer axle-groups, the 
average DLC of the air suspensions is less than the DLC of the steel suspensions (figure 19.13), 
whereas the 95th percentile aggregate fourth power tyre force is higher for air suspensions than for 
steel suspensions with the same number of axles (figure 19.15). This is due to spatial correlation 
between the tyre forces in an axle group which is explained in the next section.



ROAD-DAMAGING POTENTIAL OF MEASURED DYNAMIC TYRE FORCES Vit

Fig. 19.14 95% fourth power aggregate force vs speed for drive axle-groups (error ban show the «d dev ), (375).

Fig. 19.15 95% fourth power aggregate force vs speed for trailer axle-groups (error bars show the std dev.). (375). 

Correlation Between Tyre Forces Within Axle Groups

The correlation coefficient can be used to investigate the spatial correlation between two tyre force 
histories. It is defined as [51]:

p _ £ï(M*>-"MXP2U)-m2)] (W l)
<Ji<72

The spatial correlation coefficient lies in the range -1 £ p l2 S 1. р п= l indicates that the two tyre 
force histories are perfectly correlated in space, and p tJ=0 shows that p,(x) and pjU ) 
uncorrelated. The theory of spectral analysis gives the following relations [355]:

Æf/’iW P zW ] = £ . S P|Pj (< o )d a > (19 2a)

(.19 Z b )

(I9.2e)
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For zero mean signals, using equations 19.1 and 19.2a-c, the spatial correlation coefficient can be 
rewritten as:

Pi 2 =
CW *** (19.3)

The spatial correlation coefficient can be calculated for tyre forces in specified frequency ranges, by 
changing the limits of the integration in equation 19.3.

Figure 19.16 shows the measured spatial correlation coefficients for the air and steel trailer tandem 
axle groups. The air suspended axle groups show a significantly higher correlation between tyre 
forces than the steel suspended groups. A similar result was found for the tri-axle trailer groups 
[376], although the graphs are not presented here. If the tyre forces on the tandem axle group are 
highly correlated, the 95th percentile aggregate force will be larger than if the same tyre forces are 
uncorrelated. This accounts for the different ranking of the air and steel suspended bogies for the 
two road damage criteria shown in figures 19.13 and 19.15.

Fig. 19.16 Spatial correlation coefficient between front and rear tyre forces of tandem axle trailer groups for air and 
steel suspensions. From [375].

In order to investigate the reasons for the higher correlation in the air suspended tandem axle groups, 
a simulation study was performed using the linear tandem bogie model shown in figure 17.13. The 
four suspension spring elements in the model were replaced by linear springs and viscous dampers; 
and a torsional spring-damper combination was added at the levelling beam pivot. The suspension 
and levelling beam stiffnesses were adjusted to examine four cases: load levelling hard (steel) 
suspensions, independent hard (steel) suspensions, load levelling soft (air) suspensions, and 
independent soft (air) suspensions. The parameter values were based on the validated simulation 
discussed in Chapter 6.4 and are given in [375].

The input to the model was a single sided spectrum of road displacement, defined by equation 3.2, 
with n = 2.5 and So = 10x10-8 m ^cy cles15. This simulates a relatively smooth ’motorway'.

Figures 19.17-19.19 show the results of the simulation. Figure 19.17 shows the correlation of the 
low frequency components of the tyre force (<5Hz). This frequency band contains the sprung mass 
bounce mode. The correlation coefficients increase with speed, and are greater for the soft 
suspensions than the hard suspensions. Furthermore, load levelling has little influence on the results 
in this frequency range.
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Fig. 19.17 Correlation coefficients for bogie models (Low frequencies <5Hz). From (375).
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Fig. 19.18 Correlation coefficients for bogie models (High frequencies >5Hz). From (375).

These results can be explained as follows. At low frequencies, the dynamic lyre forces generated by 
two closely spaced axles p[(t) and pi(t) are dominated by sprung mass motion over a narrow 
frequency band, and are essentially in phase. Assume that

P \ ( t )  = F\sm {ax) and /^(O^/^sinCodf) (19.4)

If the speed of the vehicle is V, and axle 2 is a distance l  behind axle I, then equation 19.5 can be 
written as a function of distance x along the road

ft(jc) = f \  and f r M  = Ъ  ^ j

If equation 19.5 is substituted into equation 19.1, it is straightforward to show [120] that

(19.5)
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Speed/m/s

Fig. 19.19 Correlation coefficients for bogie models (All frequencies). From [375].

As the vehicle speed V increases, the time taken between each axle passing the same point f.lV  is 
reduced. This increases the spatial correlation coefficient given by equation 19.6. Furthermore, the 
softer suspensions have a lower sprung mass natural frequency (i) which lowers the ratio (Ot.IV and 
hence increases p l2.

Figure 19.18 shows the correlation of the high frequency (>5Hz) component of tyre forces. This 
range contains the unsprung mass bounce and pitch modes. The independent suspensions are highly 
correlated, because there is little interaction between the axles, and both tyres are subjected to the 
same road input. The load-levelling suspensions show a lower degree of correlation because the load 
levelling beam transmits high frequency forces between axles. The troughs in the load levelling 
suspension curves are due to wheel-base filtering effects.

Figure 19.19 shows the correlation coefficients for all frequencies. The graph is similar to figure 
19.17 indicating that for this vehicle model, the low frequency tyre force components dominate the 
dynamic tyre forces. This is typical for current vehicle designs [101]. Overall, the simulation 
predicts the patterns in the measured correlation coefficient (figure 19.16) reasonably well.

Aggregate Forces for W hole Vehicles

Figures 19.20 and 19.21 show the normalised 95th percentile aggregate fourth power forces for all 
of the 2+2 and 2+3 axle semi-trailer combinations for which both drive axle and trailer suspension 
types were identified. Each vehicle is plotted as a point, with shaded areas linking all vehicles of the 
same class. The standard deviations given in the captions of these figures are based on the 7.5% 
RMS random sensor error found during mat calibration. They were quantified using a computer 
simulation of a two degree of freedom vehicle model passing over an artificial road profile [376].

The measured normalised 95th percentile aggregate forces lie in the range 1.5-2.5 for the majority of 
vehicles. This level of aggregate force is governed by the vehicle speed and road roughness. 
Normally on the A34, vehicles would be travelling at a considerably higher speed, which would 
increase the level of 95lh percentile aggregate forces. In figure 19.21, the worst vehicle has steel 
suspensions (2s+3s), but the vehicles generating the lowest aggregate forces are also found to have 
these suspensions. When vehicles with air suspended drive axles are compared, those with air 
suspended trailers (x) cause noticeably higher normalised aggregate forces than those with steel 
suspended trailers (o). The wide distribution of aggregate forces caused by 2a+3a combinations 
indicates that the vehicles also have widely varying dynamic characteristics. These results, and those
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of figure 19 12. indicalc (liât some air suspensions arc likely to have poorly maintained or incorrectly 
fitted shock absorbers, and so generate high dynamic loads.

Fig. 19.20 95% Aggregate Fourth Power force - 4-axlc vehicles (the standard deviations of individual points are 
±0.08). From |375).

Fig. 19.21 95% Aggregate Fourth Power force - 5-axle vehicles (the standard deviations of individual points are
±0.07). From [375J.

19.5 CONCLUSIONS

19.5.1 Phase I Tests - on the Test Track.

(i) Calculation of absolute values of road damage to flexible pavements requires use of damage 
criteria which incorporate road response models. Such models are also needed if the 
influence of axle and tyre configurations are to be included in vehicle assessment.

(ii) Vehicle suspensions rank in essentially the same order, irrespective of road strength. This 
assumes the same mode of failure for strong and weak roads, which is not necessarily true

(iii) Dynamic forces are not important in rutting damage, where gross vehicle weight is the 
dominant factor. Conversely, dynamic forces are important in fatigue damage, and idatively
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low levels of dynamic loads investigated in this study can lead to theoretical damage up to 2.5 
times the value for static axle loads.

(iv) For vehicles with similar arrangements of axles and tyres, the aggregate fourth power 
force can be used to compare dynamic loads in terms of normalised pavement fatigue.

(v) In the Phase I tests (a) The rubber 'walking-beam' trailer suspension was found to generate 
the highest road damage for the trailer alone, and often the highest damage for the whole 
vehicle, (b) The trailer air suspension was found to generate the lowest damage for the 
trailer alone, but it caused all tractors to generate slightly higher road damage than the other 
trailers, (c) The air suspended 'road friendly' tractor caused all trailers to generate higher 
road damage than a similar steel suspended tractor, and often caused a higher level of road 
damage to be generated by the whole vehicle.

(vi) It appears to be possible to measure the dynamic loading performance of tractor suspensions 
using a standard trailer. However, it may not be possible to assess trailer suspensions 
accurately using a standard tractor, because the tractor significantly influences the trailer.

(vii) For the class of vehicles examined in the Phase I tests, the influence of trailer suspensions on 
road damage done by the whole vehicle can be estimated by measuring the dynamic loads 
generated by the trailer alone. Conversely, it is only possible to assess the effects of the 
tractor suspensions on damage done by the whole vehicle, by measuring the dynamic forces 
generated by all axles.

J 9.5.2 Phase II Tests - on the Highway

(i) For all the vehicles tested in the Phase II tests, the fatigue damage (calculated using the 
aggregate fourth power force) incurred by 5% of the pavement surface was found to be at 
least 1.5 times the fatigue damage due to the static loads alone. This value would be expected 
to increase significantly for rougher pavements and higher vehicle speeds.

(ii) Air suspended axle-groups were found to be better at static load sharing than steel suspended 
axle-groups. Within these classes, tandem axle-groups performed better than tri-axles.

(iii) In these tests, air suspended drive axles were found to generate higher DLCs than those with 
leaf springs. Conversely, air suspended trailer axle-groups generated lower DLCs than the 
steel suspended trailer units. There was little difference between the DLCs for tandem and 
tri-axle groups within these categories.

(iv) The air suspended axle-groups were found to generate higher normalised 95th percentile 
aggregate forces than the steel suspended units. For the trailer units, the tandem axle-groups 
caused higher 95th percentile aggregate forces than the tri-axle groups.

(v) Tandem axle bogies fitted with soft (air) suspensions show a higher degree of correlation 
between low frequency (sprung mass) tyre forces. Similarly, tandem axle bogies with 
independent suspensions show a higher level of correlation between high frequency 
(unsprung mass) tyre forces. The differences can be explained using simple vehicle models.

(vi) The ranking of axle-group suspensions depends on the pavement damage criterion used. 
This is due to the degree of spatial correlation between tyre forces. The DLC is unable to 
distinguish correctly between the road-damaging abilities of different axle group suspensions, 
and therefore it should not be used for suspension assessment purposes. The aggregate force 
approach is considered to be a more realistic, yet straightforward assessment criterion.

(vii) For the vehicles tested, a higher level of relative pavement damage was generated by drive 
axle-groups than by trailer axle-groups.

(viii) Some trailer and drive axle-group air suspensions cause relatively high pavement damage on 
the highway, probably due to lack of suspension damping.

366



MODELLING WHOLE-LIFE FLEXIBLE 
PAVEMENT PERFORMANCE

20

20.1 SUMMARY

A new ’whole-life' pavement performance model (WLPPM) has been developed. It is capable of 
making deterministic pavement damage predictions due to realistic traffic and environmental loading. 
A vehicle simulation is used to generate dynamic tyre forces that are a function of distance along the 
road. These dynamic tyre forces are then combined with the appropriate pavement primary response 
influence functions (stress, strain and displacement) to give primary response histories at regularly 
spaced points along the pavement. The primary response histories are then transformed into 
increments of pavement damage (fatigue and permanent deformation) using an appropriate damage 
model. The result is the theoretical damage at each point along the pavement due to a single vehicle 
pass. The pavement surface profile is then updated to reflect permanent deformation damage, and the 
layer material parameters are changed to reflect fatigue damage. The procedure is then repeated for 
the next vehicle pass. Particular attention is given to modelling strength variations in the pavement 
and dynamic tyre forces.

The model is used to investigate the relationship between ’hot spots' (due to peak dynamic loads), 
'weak spots' (due to initial pavement stiffness variations) and long-term pavement wear. The 
performance of two classes of pavement, operating under typical UK climatic conditions, are then 
examined. It is concluded that both dynamic tyre forces and asphalt layer stiffness variations can 
significantly influence long-term flexible pavement performance.

This chapter is based on work previously published in (138, 139]

20,2 INTRODUCTION

This chapter describes a 'Whole-Life Pavement Performance Model' (WLPPM), developed to 
investigate the relationship between dynamic vehicle loads, pavement stiffness variations, 
environmental factors and pavement wear. This section reviews previous whole-life pavement 
models that have included dynamic vehicle effects. The next section describes the new WLPPM and 
the calculation procedure. The WLPPM is then used to investigate four simplified case studies, and 
finally to evaluate the relative importance of dynamic loads and asphalt layer stiffness variations in 
three typical UK pavement constructions.

20.2.7 Review of Previous Whole-Life Pavement Performance Models

The literature contains reference to only a few previous whole-life models. The following section 
briefly reviews these. For a more detailed discussion, refer to reference [134].

Brademeyer et ai [66] used a modified version of the VESYS 111 A pavement analysis program to 
simulate measured damage from 23 sections of the A AS HO pavement test. They assumed that, for 
flexible pavements, vehicle loading was randomly distributed and not correlated with specific points 
along the pavement. A non-linear two-dimensional vehicle model (described in [361]) traversing a
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pavement surface displacement profile was used to generate the required dynamic tyre force histories. 
These force histories were combined with pavement primary response influence functions for each 
pavement response variable, and the statistics (mean and variance) of each response were then used 
to calculate the expected level of pavement damage (rutting, cracking, slope variance and Present 
Serviceability Index). Brademeyer et ai obtained reasonable agreement with measured data from the 
23 AASHO test sections, although Cebon [94] noted that a static (un-modified) version of the 
VESYS IIIA model showed very similar performance predictions in other research.

Papagiannakis et ai [365] also used a modified version of VESYS IIIA to model the performance of 
10 AASHO test sections; six that developed severe roughness, and four that remained fairly smooth 
throughout the AASHO test. Material parameters were characterised by a spatial mean and 
coefficient of variation which they varied over five seasons. The five smooth AASHO test sections 
were used to calibrate the VESYS simulation with respect to the unknown material properties. They 
found that by assuming the loads applied to the smooth section were constant (ie static), VESYS 
IIIA provided reasonably accurate predictions of flexible pavement wear. To model the damage on 
the six rougher pavement sections, the dynamic loads applied by the vehicle in the AASHO test were 
assumed to be 'spatially repeatable' (ie peak loads always applied to the same locations along the 
road) and the analysis was concentrated on a pavement length over which one axle under-goes a 
complete load cycle. The increase in pavement roughness (slope variance) with lime was calculated 
from the amount of fatigue cracking. Papagiannakis et a i found that their inclusion of dynamic 
loads in VESYS IIIA improved performance predictions for 4 out of 6 of the rough AASHO test 
sections analysed. This model was then used to compare the damaging effects of two different 
suspensions (rubber and air) assuming no spatial repeatability. They concluded that, with respect to 
the static loads, the rubber suspension caused an additional 17-22% damage, and the air suspension 
caused an additional 6-8% damage.

In 1983 Ullidtz and Larsen [469] published a model which predicted the performance of flexible 
pavements, in terms of roughness, rutting and fatigue cracking, as a function of climatic conditions 
and traffic loading. This model was based on the performance of a pavement discretised into 0.3m 
sub-sections. Each sub-section was assigned different layer thicknesses and material properties and 
was loaded using a linear 'quarter car’ vehicle model. The variations in the layer thicknesses and 
material properties between sub-sections were described by two autocorrelation coefficients for each 
variable. The model calculated permanent deformation and fatigue cracking weekly. The stresses 
and strains were calculated using a simplified method that reduced the layered elastic system to an 
elastic half space. Permanent deformation was calculated in each pavement layer and summed to give 
surface rutting for each sub-section. The permanent deformation in the asphaltic layers was assumed 
to be purely viscous whereas the permanent deformation in the granular layers was determined from 
the elastic stress field. To model the reduction of elastic modulus of the asphalt layer with 
progressive fatigue damage, the asphalt layer for each sub-section was divided into 100 sub-layers. 
The proportion of the fatigue life used was then calculated for each sub-layer and the elastic modulus 
of the sub-layers where the fatigue limit had been exceeded (at the bottom of the undamaged asphalt) 
was reduced to the elastic modulus of the pavement sub-base layer. Consequently, the effective 
thickness of the asphalt layer was reduced as the cumulative fatigue damage increased. This process 
was then repeated with an updated pavement profile (determined from rutting between sub-sections) 
and updated asphalt layer moduli for the sub-sections. The mode) was used to simulate damage from 
180 sections of the AASHO test. They found that agreement with the measured performance of the 
sections was good.

In later versions of this model Ullidtz [467,471] changed the asphalt fatigue and elastic modulus 
degradation models. These were combined into a single model that gave the reduction in asphalt 
modulus directly as a function of the strain at the base of the bound asphaltic layers, using a damage 
mechanics approach. Ageing was also included in the asphalt surface layer. The new whole-life 
model was re-validated by simulating the measured monthly performance of two sections from the 
AASHO lest. The AASHO traffic, for the same sections, was then extended over 20 years and the 
effects on pavement wear of; (i) varying the quarter car suspension parameters (spring and damping
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constants), (ii; different wheel configurations and (iii) changing to mixed traffic, were investigated, 
Ullidlz modelled mixed traffic using a linear quarter car model with different suspension (spring and 
damper) parameters, hut did not draw any conclusions about the effects of the repeatability of the 
dynamic tyre forces on subsequent pavement damage. He concluded that the effects of dynamic 
loads may be quite different on diff erent types of pavement damage and pavement structures.

20.2.2 Research Needs

None of the whole-life models reviewed above investigated the relationship between dnmage 
propagation due to ’weak spots’ in the pavement structure (produced by asphalt layer thickness 
variations etc) and ’hot spots’ on the pavement surface produced by peak dynamic loading. 
Consequently, there is some doubt as to which damage propagation mechanism is more important. 
This information is central to understanding the influence of dynamic loads on long-term flexible 
pavement wear.

The size and magnitude of the 'hot spots' on the pavement surface is likely to be influenced 
significantly by the spatial repeatability of the dynamic tyre forces generated by a fleet of articulated 
vehicles. This was not included in any of the whole-life models reviewed above. Most of the 
previous models [66, 365, 466,467, 469, 471] were used to simulate results from the A AS HO test 
where the loading conditions consisted of one vehicle travelling at a constant speed in each lest lane.

The model described in this chapter attempts to include the important mechanisms of pavement 
surface degradation using a deterministic (rather than statistical) approach and to account realistically 
for the distribution of dynamic loads and construction variations along the road.

The model draws heavily on many of the elements described in previous chapters. These include: 
(i) vehicle simulation, using the tools of Part 2; (ii) primary pavement response calculations, using 
the techniques of Part 3; (iii) material damage mechanisms from Part 4; as well as (iv) element 
from the initial chapters of Part 5.

20.3 DESCRIPTION OF THE WHOLE-LIFE PAVEMENT PERFORMANCE 
MODEL (WLPPM)

Figure 20.1 shows a schematic view of the calculation procedure used in the WLPPM. It follows a 
similar pattern to the models developed by Ullidlz [466,467,469,471] but differs in the detail. The 
overall calculation procedure is summarised in the following few paragraphs and then described in 
detail.

The initial inputs to the WLPPM are: (i) the specification of the pavement being simulated (ie layer 
thicknesses, mix specifications etc)\ (ii) the time increment to be used in the simulation; (iii) the rate 
of traffic loading; and (iv) the climatic conditions under which the pavement will operate. From this 
initial specification, a length of pavement surface profile is generated and divided into smaller sub* 
sections. Each sub-section has three layers. It is assigned a random value for the thickness of the 
bound asphaltic layer, with the overall variation between sub-sections being representative of 
measured thickness variations. The thickness of the granular layer is assumed to be constant, and 
the subgrade is modelled as semi-infinite.

A time domain vehicle simulation is used to generate dynamic tyre forces for one or more vehicles as 
a function of distance along the pavement. The vehicle model parameters and initial road surface 
roughness are chosen to best represent the traffic conditions for the type of pavement being 
simulated.
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fig. 20.1 Whole-life pavement performance model methodology. From [1381.

A set of primary response influence functions, for each sub-section and each mode of damage, is 
generated (ie horizontal asphalt base strain for fatigue, subgrade strain and permanent vertical surface 
velocity for rutting). These primary response influence functions are combined with the previously 
calculated dynamic tyre forces to give primary pavement response time histories at a large number of 
equally spaced points along the pavement.
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The primary responses are processed with the appropriate pavement damage models (rutting and 
fatigue) and the number of load applications, to give damage as a function of distance along the 
pavement for the current time increment.

An updated surface profile is then generated by subtracting the calculated rutting in the wheel path 
from the initial profile used for that lime increment. This mechanism accounts for the effects of 
changing surface roughness on the dynamic tyre forces. The resulting fatigue damage is used to 
reduce the elastic modulus of the asphaltic material for each sub-section. This mechanism reflects the 
effects of cumulative fatigue damage on the primary responses and hence subsequent pavement 
damage.

The above process is then repeated for the next time increment, with an updated climate, and so on, 
until the pavement has reached the end of its serviceable life. The following section describes the 
models used in each area of the WLPPM in more detail.

20.3.1 Climatic Factors
Many climatic and environmental factors influence the performance of a pavement. The 
environmental effects that are currently included in the WLPPM are temperature and ageing of the 
asphalt layer. However, due to the modular structure of the program, it is relatively straightforward 
to include other environmental effects such as the effects of frost and moisture on unbound materials, 
(eg [290, 427)) provided these effects can be easily quantified.

Temperature of the Asphalt Layer

Changes in the temperature of the asphalt layer affect the elastic and viscous properties of the 
bitumen. The variation in the monthly mean air temperature Tair (°c ) was assumed to be sinusoidal 
of the form:

COÎ

where T™x is the maximum monthly air temperature throughout the year (eC)
C ,n is the minimum monthly air temperature throughout the year (°C),
V is the month number (January is l) and
Uq is the month number corresponding to the maximum monthly temperature.

Ullidtz [466] noted that, in many cases, equation 20.1 gives a good approximation to measured mean 
monthly temperatures. If more detailed temperature data is available, it can easily be incorporated in 
the WLPPM. For simulation time increments of longer than 1 month, the air temperature was 
determined by averaging the appropriate monthly temperatures together (determined from equation 
20.1).

Predicting the temperature profile of the asphaltic material Tasp from the air temperature Тшг is 
complicated, and requires detailed information about the thermal properties of the asphalt and the 
ambient conditions (see, for example [43]). Consequently, a simplified approach was used, where 
the effective monthly temperature of the asphalt layer was estimated from the air temperature using 
the following empirical equation (see [189] for further details):

[ U - U q)x (20.1)

where

lasp

^asp ~  l'air] I +
76.2

hasp + 304.8
84.7

hasp* 304.8
+ 3.3,

is the effective surface layer temperature (°C), 
is the measured mean air temperature (°C), and 
is the thickness of the surface layer (mm).

(20.2)
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20.3.2 Pavement Surface Profile Model
The pavement surface roughness profiles were generated using equation 3.2 with the values of So 
being the geometric mean of the ranges in Table 3.2: So = 12.2 for a motorway; So = 49.0 for a 
principal road; So = 387.3 for a minor road.

A one-dimensional surface profile was generated from equation 3.2 by applying a set of random 
phase angles, uniformly distributed between 0 and 2лг, to a series of coefficients derived from the 
desired spectral density (see Chapter 3 for further details). Typically, the resulting surface 
displacement profiles were generated with data points every 0.1m giving a lower wavelength limit 
(corresponding to the Nyquist frequency) of 0.2m. The upper wavelength limit was several hundred 
metres.

In order to quantify pavement surface roughness using a single statistic in this chapter the 
International Roughness Index (IRI) was used [408]. The IRI is the ratio of the accumulated 
suspension motion divided by the total distance travelled, calculated from the response of a linear 
'quarter car' vehicle model travelling at 80km/h over the pavement profile of interest. On the IRI 
scale, a perfectly smooth pavement is rated as 0, an asphalt pavement in good condition is rated at 
approximately 2mm/m and a severely damaged pavement may be rated as high 10mm/m. A detailed 
description of the method used to calculate the IRI for a given profile is given in reference [408].

Hardy [224] found that the constant So in equation 3.2 was correlated with the IRI and could be 
estimated from:

So = 1 69 x \0~S(1RI)2 {m'n cycUy l }. (20.3)

20.3.3 Vehicle Simulation

A simple linear 'quarter car' vehicle model was used in the case studies described in this chapter (see 
figure 5.1a). The WLPPM can incorporate more realistic (validated) articulated vehicle models 
without difficulty, but at the expense of significantly increased computation time. The vehicle 
parameter values used were representative of a fully laden vehicle with a typical single-axle steel 
suspension. They were essentially half of those shown in figure 5.1 (ie for one wheel only), but 
with zero tyre damping. The tyre also had a facility to bounce clear of the road surface if the surface 
was sufficiently rough (see [138] for further details).

The dynamic tyre forces generated by the vehicle model were obtained by numerically integrating the 
equations of motion using the pavement surface profile displacement as the input to the tyre (see 
Chapter 5).

20.3.4 Pavement Primary Response Model

A modified version of the VESYSIIIA quasi-static pavement model [277] (modifications by Cebon 
for NCHRP project 1-25, see [192]) was used to generate the required primary pavement response 
influence functions. (See Chapter 10 for a discussion of the Influence function method for 
calculating primary payement responses.) Typical contact radii for single and super single tyres were 
taken to be 108mm and 135mm respectively [512]. Dual tyres were modelled as two separate 
circular contact areas of radius 108mm.

All the pavement structures investigated were modelled as three layer systems comprising; (i) an 
asphaltic layer (wearing course plus base course), (ii) a granular sub-base layer, and (iii) a subgrade 
or soil layer. The primary response model required the elastic properties (Young’s modulus and 
Poisson's ratio) and the thickness of each layer (except the subgrade which is of infinite thickness). 
The methods used to obtain these parameters are described in the following sub-sections.
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Asphalt Surface Layer Elastic Properties

Typically, a full-depth asphaltic pavement consists of three separate layers of bituminous material; a 
wearing course, a road base and a base course. The properties of the road base and base course are 
usually similar, whereas the wearing course has different mix proportions and hence properties. 
However, according to Brown [75], typical UK wearing courses have a relatively small influence on 
the structural performance of the pavement and, for the purposes of structural analysis, the wearing 
course may be combined with the other two layers. Consequently, a single asphaltic layer of typical 
road base (or base course) material was used to represent the asphaltic layers of a full-depth flexible 
pavement.

The elastic modulus of the bituminous binder £A(MPa) was calculated using the following equation 
derived from the Van der Poel nomograph [34]:

Eb = 1.157X 10"7r/'°-3682.718_W'*)( 4 § ) ~Tmpf ,  (20.4)

where is the recovered bitumen ’Ring and Ball softening temperature’ (*C),
Tas is the temperature of the asphalt layer (eC),
P rR* is the recovered bitumen ’Penetration Index' and 
t{ is the loading time (secs).

Equation 20.4 is only applicable when:
0.01sec<f/ <0.1sec,

- 1 .0 < />/(Я)<1.0.

20°C < {Trb -  7asp} < 60°C.

The bitumen properties recovered after the asphalt has been mixed and laid (7 ^^  and P/***) may be 
estimated from the initial penetration of the bitumen using the following empirical equations 
[75]:

f* R) = 0.65P(/), (20.5a)

7 $  = 98.4 -  26.35 log10(p (R)). (20.5b)

t f *  27log10P( / ) -21 .65  
“  76.35 l o g u ^ 0 -  232.82’

(20.5c)

where P*0  is the initial penetration of the bitumen.

The effective loading time tf was estimated from [34,72]:

l°gio('t) = 5 X КГ4 -  0 2  -  0 9 4  logio(V), (20.6)
where husp is the thickness of the asphalt layer (mm) and 

V is the vehicle speed (km/hr).

The elastic modulus (stiffness) of the asphalt mixture £ m = (5т )н (MPa) was calculated using 
equations 14.9 and 14.10, with 5ь = Еъ hom  (20.4).

The thickness of the asphalt layer was determined from the standard UK design procedure for the 
type of pavement being simulated (see [378] for further details).

Poisson's ratio for asphaltic material has been shown to be highly dependent on temperature with 
values ranging from 0.15 (low temperatures) to 0.45 (high temperatures) [20]. A typical value was 
taken to be = 0.4 [75].
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Ageing of the Asphalt Surface Ageing

Ageing of bituminous materials has been shown lo occur in two stages: (i) short term and (ii) long 
term [49, 392.481]. Short term ageing occurs during manufacture and laying, and is mainly due to 
the loss of volatile components and oxidation while the mix is hot. Long term ageing is mainly due 
to progressive oxidation of the mixture while it is in service.

Short term ageing was included in the model by using typical bitumen properties recovered after 
mixing and laying ( 7 ^ ,  PIiR\  etc).

Long term ageing of the bitumen was accounted for by increasing the recovered 'Ring and Ball' 
softening point temperature with the age of the pavement, according to a one-dimensional 
kinetic diffusion model developed by Verhasselt and Choquet [481]:

where is the recovered 'Ring and Ball' temperature ÇC) at time t = tx

is the initial Ring and Ball temperature (*C) at time / = 0,

A is the reaction constant (“C2 / hour) and 
t is the time (hours).

(20.7)

Verhasselt and Choquet [481] determined the value of the reaction constant A from accelerated 
laboratory ageing tests on different types of bitumen. They found that it depended strongly on the 
temperature of the bitumen. Consequently, to apply equation 20.7 to an in-service pavement where 
the temperature of the asphalt layer is constantly changing, they related the mean annual air 
temperature to the effective temperature at which the reaction constant should be determined (see 
[481] for further details). For typical climatic conditions in Belgium, the average reaction constant 
A was found to vary between 1.2 x 10"3 to 2.1 x 10“3 °C2 / hour depending on the type of bitumen 
being considered. Verhasselt and Choquet used these values of the reaction constant to predict 
ageing of the whole asphalt layer for typical pavements in Belgium. They obtained a reasonable 
agreement with the measured ageing of the material. A value of A = 1.65 x 10-3 °C2 / hour together 
with equation 20.7 was therefore used to model ageing of the whole asphalt layer in a typical UK 
pavement in this study.

An ageing model of this type will affect both the elastic and viscous properties of the asphaltic 
material since they both depend on the properties of the bituminous binder.

Subgrade Layer Elastic Properties

The elastic modulus of the subgrade f ^ M P a )  was estimated from the empirical equation [75]:

Enb^lOCBR, (20.8)
where CBR is the 'California Bearing Ratio' of the subgrade.

For details of the CBR test refer to [403]. Poisson’s ratio for soil has been shown to depend on the 
degree of soil cohesion and ranges from 0.3 (cohesive-less soils) to 0.5 (very plastic clays, cohesive 
soils) [20]. A typical value was taken lo be vsub = 0.4 [75).

Granular Sub-base Layer Elastic Properties

The elastic modulus of the granular base layer Egra was taken to be a constant lOOMPa, 
corresponding to a good quality granular base [75]. The thickness of the granular base was taken to 
be a standard 200mm from [75].

Poisson's ratio for the granular material depends on the degree of crushing of the material and ranges 
from 0.3 (crushed material) to 0.4 (unprocessed gravels/sands) [20]. A typical value was taken to be
v = 0-3
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20.3.5 Fatigue Cracking Model

From the analysis in Chapter 15, it was concluded that under almost all circumstances, traffic- 
generated fatigue damage initiates at the base of the bound asphaltic layers and propagate towards the 
surface. Thermal load cycles have little effect. Consequently, the fatigue model chosen for the 
WLPPM was a traditional fatigue model which assumes that cracks originate at the bottom of the 
asphaltic layers, where the tensile strain is greatest, and propagate vertically upwards towards the 
pavement surface.

Simplified laboratory test on asphaltic specimens have led to a relationship between fatigue life and 
strain of the form of equation 13.1:

where is the number of cycles to failure at strain level £, (micro strain),
and &2 are fatigue constants describing the fatigue behaviour of the material.

Cooper and Pell [145] examined the effect of various asphalt mix variables and temperature on the 
fatigue life of over 2000 specimens of a wide variety of both base course and wearing course 
asphaltic mixes. They concluded that fatigue performance, on the basis of applied tensile strain, was 
primarily influenced by the type and amount of bituminous binder. The effects of temperature and 
loading time were assumed to be accounted for by their effect on elastic stiffness. However, it was 
found that the resulting fatigue law gave conservative results when compared with experimental field 
data and thus required 'calibrating* [76]. This calibration was performed for average UK conditions 
giving fatigue constants kx and k2 as a function of the properties of the asphalt mix [76]:

where VB is the percentage volume of bituminous binder and
is the initial 'Ring and Ball' softening temperature of the bitumen ("C).

The initial 'Ring and Ball' softening temperature of the bitumen may be obtained from equation 
20.5b by replacing the recovered penetration with the initial penetration P^l\  The fatigue 
properties defined by equation 20.9 include a factor of 440 to allow for differences between 
laboratory test conditions and those in the pavement [76]. This 'correction' comprises a factor of 20 
for rest periods between load applications, a factor of 20 for the time taken for the crack to propagate 
through the bituminous layer, and a factor of 1.1 for the lateral distribution of wheel loads on the 
pavement surface [76].

The accumulation of fatigue damage D at each point along the road due to the passage of a vehicle 
was estimated using Miner's hypothesis of linear damage accumulation equation 17.7 [72].

Gillespie et ai [192] investigated two different methods for reducing a complex strain time history to 
a number of equivalent strain cycles, Tainflow' counting and 'peak' counting. The 'rainflow' 
counting method involves determining the overall strain range (largest peak to lowest valley) and 
removing this from the history. This is taken as the first strain cycle and the process is repeated until 
all strain reversals have been considered. This method is commonly used for metal fatigue due to 
complex time histories and corresponds to counting complete hysteresis loops in the stress-strain 
curve for the material (see [192] for further details). The 'peak' counting method considers just the 
peak tensile strain to be the equivalent strain cycle. This type of approach cannot account for 
compressive strains between tensile peaks or strain levels that do not recover to zero between 
multiple axles. Gillespie et ai [192] concluded that the ranking of the vehicles in their study was not 
greatly affected by the method of cycle counting. Consequently, the simpler ‘peak’ counting method 
was used with the WLPPM.

(13.1)

logio(*l) = 14.39log,o(VB) + 24.2 log10( r $ )  -  46.06. 

*2 = 5.131og10(VB)+8.631og10(7^,B)) -15.8.
(20.9)
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20..16 Permanent Deformation Model

Asphalt Surface

The rutting model used in the WLPPM comprised two parts. The first part is the linear visco-elastic 
rutting model presented in Chapter 14, which was used to model the asphaltic layers of the pavement 
where permanent deformation is primarily due to viscous flow. This linear visco-elastic calculation 
requires the viscosity of the bituminous binder, and the mix specification. The viscosity of the 
bituminous binder k b (MPa.s) was obtained using the following approximate expression [466]:

А/, = 3x10^ L 3 X 1 0 N 7̂ ) / 10) (20. 10)

The viscosity of the asphalt mix was then obtained from equations 14.16.

Subgrade

A simple relationship between vertical subgrade strain and permanent deformation was used to 
include rutting in the subgrade and granular layer. This relationship is of the same general form as 
the model used to relate vertical subgrade strain to permanent surface deflection (see, for example 
[10,74,281]). The incremental permanent deformation in the subgrade and granular layer due to a 
single axle load may be expressed as:

Si = , (20.11)
where £, is the incremental vertical permanent deformation in the subgrade and granular layer 

due to vertical subgrade compressive strain £(, 
and , Li are material constants.

This model will be referred to as the subgrade rutting model. As with the fatigue model, Miner's 
cumulative damage law (equation 17.7) and peak cycle counting were used to calculate subgrade 
rutting due to strain cycles of different magnitudes.

In the literature reviewed by Hardy [219], the value of the exponent Lj in the damage law relating 
vertical subgrade strain to permanent surface deformation was found to vary considerably from 1.85 
to 7.14 depending on the pavement design and the test conditions. Brown [74] investigated the 
relationship between the maximum allowable elastic subgrade strain and the number of load 
repetitions concluding that a value of Lj = 3.57 was suitable for typical UK pavements. However, 
no models capable of predicting these constants from the subgrade specification and operating 
conditions were found in the literature. The parameter Lj was therefore considered to be an 
unknown input variable to the WLPPM and its importance was investigated in a parametric study.

The multiplicative subgrade rutting constant Ц in equation 20.11 directly affects the proportions of 
surface rutting to subgrade and granular layer rutting. These proportions have been shown to vary 
from pavement to pavement. In a typical UK pavement, approximately half the rutting was found to 
occur in the surfacing and road base and half in the sub-base and subgrade [74, 367]. Consequently, 
the subgrade rutting multiplicative constant Lj in equation 20.11 was chosen such that, for a 
relatively thick asphalt pavement (250mm), at a mean yearly air temperature of 10°C (typical of a 
UK climate [76]), approximately half the rutting occurred in the asphaltic layers and half in the 
subgrade and granular layers.

A summary of the input pavement data to the WLPPM and the functional relationships used to 
determine the rest of the required parameters is shown in figure 20.2.
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Fig. 20.2 Functional relationships for WLPPM pavement data. From [1381.

20.3.7 Asphalt Modulus Degradation Model
The asphalt modulus was assumed to degrade according to the stiffness degradation model which is 
described in detail in Chapter 16 (see figures 16.6 to 16.8). The equations are summarised as 
follows:



378 VEHICLE -  ROAD INTERACTION

Я/£о = =хр*° (£/$>> ( Е /Ы ) .

E/Ь  = (£/£b)f (*1*0 *(EIE0\) . <20.12,
AT = lo g ,(£/£ i)c.

where E/E0 is ihe reduction in elastic modulus of the asphaltic material,
D is the cumulative fatigue damage (see equation 17.7) and
(E/Ei))c is a constant that determines the level of modulus reduction corresponding to the 

end of the fatigue life of the asphalt (ie D = 1).

20.3.8 Pavement Stiffness Variations

One of the major causes of stiffness variations along the length of the pavement is variations in the 
thickness of the asphalt layer. The method used to quantify this variation is explained in this section.

Measured asphalt layer thickness data from a section of the A500T trunk road in the UK was 
measured by GB Geotechnics using ground penetrating radar techniques (eg [307, 324]). Figure
20.3 shows the probability density function of this data. Spectral analysis was used to determine the 
thickness spectrum Sh from the same data. The thickness spectrum is plotted in figure 20.4, together 
with a fitted equation of the form:

. *  ; / / ■ (20.13)
l+ (* /K o )

The fitted constants were found to be; F -  6.3 x 10~2 m3/cycle, Kq = 3.13 x  103 m i cycle and 
H = 2.25, It can be seen by comparing equation 20.18 with equation 20.3 (the equation for the 
spectral density of the pavement profile surface displacement) that the value of the exponent is similar 
(2.25 in equution 20.13, compared with 2.5 in equation 3.2). Consequently, the amplitude of the 
thickness spectrum and the amplitude of the surface displacement spectrum decrease at approximately 
the same rate with increasing wavenumber (decreasing wavelength).
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Fig. 20.4 Measured asphalt layer thickness spectral densities (for the data shown in figure 20.4) from the A50ÛT. 
From 1138).

A random asphalt layer thickness displacement history can be obtained from equation 20.13 using the 
same method used to obtain the pavement surface profile. Note that this method gives a Gaussian 
amplitude distribution, which agrees well with the measurements (figure 20.3). The phase 
relationship between the various roughness components in the surface profile and the thickness 
profile is not known. This would require information about the cross-spectrum between the surface 
roughness and the thickness. Such information could only be obtained from simultaneous 
measurements of the surface profile and thickness, and data of this type could not be found. 
Consequently, in the absence of suitable cross-spectral information, the thickness profile was 
assumed to be uncorrclated with the surface profile. This was implemented using random phase 
angles to generate the thickness profile that were uncorrelatcd with the random phase angles used to 
generale the surface profile. Any other degree of correlation could be included in the model, if 
suitable cross-spectral information was available, using the method described in Section 3.4.2.

To determine thickness profiles for pavements with a different mean asphalt layer thickness to the 
A500T (different mean asphalt layer thickness), the thickness spectrum (equation 20.13) was scaled 
such that ratio of the standard deviation to the mean thickness was the same for pavements with 
different mean asphalt layer thicknesses.

Once a thickness profile was generated, it was divided into a number of equally spaced, discrete sub
sections where the thickness was assumed constant. This simplified thickness variation was then 
used in the WLPPM.

To avoid step changes in the primary responses at a boundary between sub-sections with different 
asphalt layer thicknesses and/or different asphalt layer moduli, linear interpolation was used between 
the two adjoining influence functions (see [134] for further details).

20.4 SIMPLIFIED CASE STUDIES

To illustrate the various features of the WLPPM described above, four simplified case studies are 
examined in this section, and a parametric study of various vehicle and road features is performed in 
Section 20.5 For all of the case studies the vehicle loading was applied using the linear 'quartet car1 
vehicle model travelling at a constant speed of 22.5tn/& (tt0km/h) over a 100m length of surface
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profile. The loads generated by the vehicle model were applied to the pavement through a 'super- 
single' tyre with a contact patch radius of 0.135m.

A typical 50 pen modified hot rolled asphalt was used, and to simplify the simulations, all the 
material properties that aie functions of temperature (eg asphalt modulus, viscosity etc) were fixed at 
a temperature of 10°C. Full details of the mix specification and input parameters are given in 
Table 20.1. For each of the case studies, the nominal thickness of the asphalt layer was 250mm and 
ageing of the asphaltic material was assumed not to occur. The subgrade was assumed to have a 
CBR of 4%. Where a random surface profile was required, an initial profile with IRI = 2 was used. 
This corresponds to the typical roughness of a new principal road.

Pavement Property Simplified Motorway Principal Minor
case studies Road Road
Section 20.4 Section 20.5 Section Section

20.5 20.5

Maximum air temp. T™% /° C 10 18 18 18

Minimum air temperature T,™n /°  C 10 4 4 4

Asphalt layer thickness h^p / mm 250 250 200 125

Percentage volume of bitumen Vh 12 12 12 12

Percentage volume of air voids Vv 4 4 4 4

Initial bitumen penetration P('^ 50 50 50 50

Ageing constant A /° C2 / hour 1.65 xlO’1 1.65 x lO '* 1.65 x HT1 1.65 хК Г ’
Subgrade CBR percentage 4 4 4 4

Table 20.1 Pavement model input parameters used in the simulations.

To include asphalt layer thickness variations in the model the pavement was divided into 0.5m sub
sections, each of constant thickness. To limit the number of compulations required, the random 
thickness variation was discretised into 6 levels and the modulus of the asphalt layer was degraded in 
10% steps (9 increments altogether). The pavement surface profiles were updated 80 times 
(approximately every 260,000 load passes). It was found that, using the above parameters, a 
satisfactory trade off was achieved between computation speed and convergence of the results (see 
[134] for further details).

For all of the case studies in this chapter, the rutting due to the static vehicle loads at the end of the 
loading period was approximately 20mm.

To investigate the importance of the subgrade rutting law, the rutting exponent in equation 20.11 
was taken to be either 1 or 4. The corresponding values of the multiplicative rutting constant Lj, 
were chosen such that approximately half the rutting occurred in the surface and half in the lower 
layers: Ц = 2.47 x 10~3mm and Lj = 3.31 x 108mm respectively. The importance of the modulus 
degradation law feedback loop on the primary response model was also investigated.

Each of the four case studies is explained in the following sub-sections.

20,4.1 Damage Propagation due to a 'Hot Spot'

The first case study examines damage propagation due to a ‘hot spot’ on an otherwise flat pavement 
surface. The hot spot’ was modelled as half a sine wave of amplitude 15mm and length 4m. The 
asphalt layer had a uniform thickness. The vehicle speed was the same on all the runs.
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Figure 20.5 shows (he initial pavement surface profile together with surface profiles after 10.11 
million and 20.75 million load passes, using = 1 in the subgrade rutting law (equation 20. II). It 
can be seen from this figure that the mean surface level drops as the number of load passes increases. 
This corresponds to the formation of a rut in the wheel path. With no modulus degradation (solid 
line), the surface irregularity excites the modes of vibration of the vehicle model with the result that 
the downstream surface profile fluctuates about the mean rut depth. The wavelength of these 
fluctuations corresponds to the frequency of sprung mass vibration of the vehicle model 
(approximately 2.5Hz). The unsprung mass motion of the vehicle model (approximately 10Hz) 
decays away more rapidly and only affects the shape of the profile in the vicinity of the hot spot.

Also shown in this figure (dashed line) are the results of the same case, but including degradation of 
the elastic modulus of the asphalt layer as the pavement becomes progressively damaged by fatigue. 
It can be seen that in this case, including the modulus degradation feedback loop has virtually no 
effect on the surface profile. This is because, even at the most heavily loaded areas, only a small 
proportion of the fatigue life has been used up by the time the permanent deformation becomes 
excessive. This is shown in figure 20.6 where the reduction in asphalt layer modulus is shown at the 
corresponding loading stages. It can be seen from this figure that the modulus reduction due to the 
static loads alone (ie the section before the bump where the vehicle loads are essentially static) is 
approximately 3% and the modulus reduction around the hot spot (where the dynamic loads are 
expected to be high) is approximately 8%. It can also be seen from this figure that, after the bump, 
the modulus reduction profile is essentially in phase with the pavement surface profile.

Fig. 20.5 Pavement surface displacement profiles near a hot spot' at various loading stages, using a subgrade 
rutting exponent of 1*2=1. From [138J.

Figure 20.7 shows the corresponding situation using Ц  »  4 in the subgrade rutting law (equation
20.11) . For no modulus degradation (solid line) the amplitude of surface damage fluctuations 
downstream of the surface irregularity is greater, and the waveform is less symmetrical, than the 
corresponding situation shown in figure 20.5. This is due to the larger exponent in (he subgrade 
rutting model weighting the peaks of the dynamic loads more than the troughs The dashed line in 
figure 20.7 show the same test case but including degradation of the asphalt layer modulus (equation
20.12) . It can be seen that including this feedback loop increases the amount of permanent surface 
deformation, particularly at the most heavily loaded areas (troughs). This is because the cumulative 
fatigue damage of the asphalt, and hence modulus reduction, is greatest at these areas of greatest toad 
concentration and this effect becomes more important when the subgrade is more sensitive (Z^ =» 4).
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Consequently, the vertical subgrade strain is increased at these locations, resulting in an increased 
rate of subgrade deformation (rutting).

Fig. 20.6 Reduction in normalised asphalt layer modulus (E/Eq) near a ’hot spot1 at various loading stages, using a 
subgrade rutting exponent of 1*2=1. From [138].

Fig. 20.7 Pavement surface displacement profiles near a *hot spot' at various loading stages, using a subgrade 
rutting exponent of L2 = 4. From [138).

20.4.2 Damage Propagation due to a 'Weak Spot1

The second case study examines damage propagation due to a 'weak spot' on an otherwise flat 
surface. The ’weak spot' was modelled as a 4m section of pavement with an asphalt layer 50mm 
thinner than the rest of the pavement (200mm instead of 250mm nominal).

Figure 20.8 shows the initial pavement surface profile together with surface profiles after 10.11 
million and 20.75 million load passes using = 1 in the subgrade rutting law (equation 20,11). It



MODELLING WHOLE-LIFE FLEXIBLE PAVEMENT PERFORMANCE .383

can be seen from this figure that, without modulus degradation (solid line), a surface depression 
forms where the asphalt layer is thinnest and the rest of the pavement profile essentially degrades at 
uniform rate (due to the static loads) with little additional downstream damage due to dynamic loads. 
This is because the level of dynamic loading produced by the surface depression at the weak spot, 
combined with the low power in the subgrade rutting Jaw, is not sufficient to influence the 
downstream surface profile greatly. Also shown in this figure (dashed line) are the same results but 
including degradation of the elastic modulus of the asphalt layer as the pavement becomes 
progressively fatigue damaged. Including this feedback loop increases the depth of the surface 
depression significantly, but has little effect on the level of downstream damage. The reason for this 
is shown in figure 20.9 where the modulus reduction profile at the corresponding loading stages is 
shown. It can be seen from this figure that the modulus of the asphaltic material at the weak spot has 
been reduced to 70% of its initial value, whereas the rest of the asphalt layer modulus is at 96% of its 
initial value. This modulus reduction is larger than the reduction produced by dynamic loads in the 
previous case study, because of the sensitivity of the asphalt base strain (used in fatigue calculations) 
to the thickness of the asphalt layer.
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Fig. 20.8 Pavement surface displacement profiles near a 'weak spot' at various loading stages, vising a subgrade 
rutting exponent of Lj  = l. From [138].

The weak spot simulation, using Lj = 4 in the subgrade rutting law (equation 20.11), is shown in 
figure 20.10. By comparing figures 20.8 and 20.10 it can be seen that, for the larger subgrade 
rutting exponent, the depression formed at the weak spot is approximately 25mm deeper than the 
depression formed using the lower exponent. Consequently, the level of dynamic loading produced 
by the vehicle model is higher, resulting in more downstream damage. As before, including the 
asphalt modulus degradation law (dashed line) increases the rate of rutting at the most heavily loaded 
areas (troughs).

20.4.3 Random Thickness Variation and a Flat Profile

The third case study examines damage propagation on a pavement with a random asphalt layer 
thickness variation and an initially flat surface profile. The random thickness variation was created 
using the procedure detailed in Section 20.3.8. Figure 20.11 shows the random asphalt layer 
thickness distribution (dashed line) together with the distribution averaged over 0.5m intervals and 
discretised into 6 levels (dashed line). This discretised distribution was used in the WLPPM
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fig. 20.10 Pavement surface displacement profiles near a 'weak spot* at various loading stages, using a subgrade 
rotting ехропеш of L2 *4 . From [138].

Figure 20.12 shows the initial pavement surface profile together with profiles after 10.11 million and 
20.75 million load passes using />2=1 in the subgrade rutting law (equation 20.11). It can be seen 
from this figure that, for no modulus degradation (solid line), the pavement surface profile degrades 
at an approximately uniform rate due to the static vehicle loads, with only a small effect from 
dynamic loading induced by the surface roughness. As before, including degradation of the asphalt 
layer elastic modulus (dashed line) slightly increases the amount of rutting particularly at the most 
heavily loaded areas (troughs).
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Fig. 20.12 Pavement surface displacement profiles at various loading stages for a pavement with random thickness, 
using a subgrade rutting exponent of L2 = 1. From [138].

Figure 20.13 shows the random thickness simulation using Lq = 4 in the subgrade rutting taw 
(equation 20. U). It can be seen from this figure that, with no modulus degradation, the magnitude 
of the damage is significantly increased and dynamic loads induced by the initial asphalt layer 
thickness profile have a more prominent effect. For example, it can be seen that although the rutting 
due to the static loads after 20.75 million load passes is 20mm, the profile at 90m along the pavement 
shows a depression approximately 4m long and 40mm deep (20mm below the 'static' nit depth). It 
can also be seen by comparing this figure with the input thickness profile (figure 20.11) that the 
depression has formed where the asphalt layer is at its thinnest. Including degradation of the asphalt 
layer modulus (dashed line) increases the rut depth at these heavily loaded areas still further. This is 
due to the reduction of stiffness of the asphalt layer at these points.
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Fig. 20.13 Pavement surface displacement profiles at various loading stages for a pavement with random thickness, 
using a subgrade rutting exponent of L2 « 4. From [138].

Figure 20.14 summarises the profile roughness data shown in figures 20.12 and 20.13 and shows 
the change in IRI roughness as a function of cumulative load passes. The 1RI starts at zero. It can 
be seen from this figure that, as expected, the rate of increase in roughness and the effects of 
modulus degradation are much greater for the larger subgrade rutting exponent. It should be noted 
that the effects of modulus degradation are likely to be significantly greater for pavements with 
thinner asphaltic layers where the fatigue damage is higher.

Figures 20.15 and 20.16 show the 95th percentile levels of rutting and fatigue damage as a function 
of the number of cumulative load passes for the same simulation as shown in figures 20.12 and 
20.13. The 95th percentile level can be interpreted as the damage incurred at the worst 5% of 
locations along the pavement. It can be seen from these figures that, for no asphalt modulus 
degradation (solid lines) and * 1 in the subgrade rutting law (equation 20.11), both the 95th 
percentile rutting and fatigue damage increase approximately linearly with the number of load passes. 
Including degradation of the asphalt layer modulus has a greater effect on fatigue damage than 
rutting. This is due to the greater sensitivity of the strain at the base of the asphalt layer (used in 
fatigue damage calculations) to the elastic modulus of the asphaltic material. For L2 = 4 in the 
subgrade rutting law (equation 20.11), the rate of rutting and is greatly increased. For example, 
using the lower subgrade rutting power, 5% of the pavement has reached failure conditions (20mm 
rut depth) after 20 million load passes whereas for the larger subgrade rutting power this is reduced 
to approximately 14 million load passes. The rate of fatigue damage also increases, but not in the 
same proportion. This is because increasing the subgrade rutting power only influences the fatigue 
damage indirectly, by increasing the surface roughness and hence level of dynamic loading.

It can be seen by comparing figure 20.14 with figures 20.15 and 20.16, that there is a larger 
difference between the IRI curves (figure 20.14) for the different subgrade rutting powers than 
between the corresponding 95th percentile rutting and fatigue curves (figures 20.15 and 20.16 
respectively). This is because the IRI calculation is insensitive to the mean (DC) level of the profile 
whereas the 95th percentile fatigue and rutting include a mean level of damage due to the static 
vehicle loads.
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Fig. 20.14 1RI roughness curves for damage accumulation on an initially smooth pavement with a random thickness 
variation. From [138].

Fig. 20.15 Accumulation of 9Sth percentile rutting on an initially smooth pavement with a random thickness 
variation. From [138].

20.4.4 Uniform Asphalt Layer Thickness with a Random Surface Profile

The final case study in this section examines damage propagation on a pavement with a random 
surface profile and a uniform asphalt layer thickness profile. The initial surface profile was generated 
from equation 3.2 with a roughness corresponding to an 1R1 value of 2.

Figure 20.17 shows the initial pavement surface profile together with profiles after 10. U million and 
20.75 million load passes using Ц  «  1 in the subgrade rutting law (equation 20.14). ft can be seen
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from this figure that the profile essentially degrades at a uniform rate due to the static vehicle loads, 
although the short wavelength irregularities tend to get smoothed out by the dynamic tyre forces.

Fig. 20.16 Accumulation of 95th percentile fatigue damage on an initially smooth pavement with a random 
thickness variation. From (138).

Fig. 20.17 Surface displacement profiles of a pavement with random initial roughness at various loading stages, 
using a subgrade rutting exponent of L2 * 1. From (138).

This smoothing effect is mainly due to the phase relationship between the various frequency 
(wavenumber) components present in the tyre force and surface displacement profile histories. At 
low wavenumbers (long wavelengths) the tyre force tends to be 180' out of phase with the surface 
profile. This corresponds to the peak loads being applied to the troughs in the pavement profile 
history and the minimum loads being applied on the peaks in the pavement profile history. 
Consequently the amplitude of the pavement profile increases in this wavenumber range.
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Conversely, at high wavenumbers (short wavelengths) the tyre force is in phase with the surface 
profile. This corresponds to the peak loads being applied to the peaks in the pavement profile history 
and the minimum loads being applied to the troughs in the pavement profile history. Consequently
the amplitude of the pavement profile decreases in this wavenumber range (sec ( 1341).

The smoothing effect is also exaggerated by the averaging that occurs in the asphalt and subgrade 
rutting models. For a typical point along the pavement the asphalt rutting calculation procedure 
involves integrating over the length of the permanent surface displacement influence function 
weighted by the variation in tyre force over the same length. Consequently, although the linear 
visco-elastic rutting model is essentially proportional to the instantaneous dynamic load (see 
Chapter 14), the wavelength components shorter than the length of the influence function will tend 
to become smoother. For the subgrade rutting model, the influence function is much longer and 
flatter, and when it has been weighted with the dynamic tyre forces the peak strain does not always 
occur directly over the point where the subgrade rutting is being calculated. This also has the effect 
of smoothing the higher wavenumber components.

Figure 20.18 shows the corresponding situation using = 4 in the subgrade rutting law (equation 
20.11). It can be seen from this figure that, for no modulus degradation, the vehicle tends to 'tune' 
into the pavement surface with the result that the body bounce wavelength (approx. 10m) is imposed 
on the profile. As expected, including degradation of the asphalt layer modulus (dashed line) tends 
to increase the rate of damage, particularly at the areas of largest load concentration (troughs).

Fig. 20.18 Surface displacement profiles of a pavement with random initial roughness at various loading stages, 
using a subgrade rutting exponent of L2 = 4. From (138).

Figure 20.19 shows the IRI roughness as a function of cumulative load passes for the data shown in 
figures 20.17 and 20.18. Note that the IRI has an initial value nearer 2. It can be seen from this 
figure that changing the rutting exponent has a more dramatic effect on the roughness than including 
degradation of the asphalt layer modulus. For the lower power in the subgrade rutting law, the IRJ 
tends to decrease slightly, indicating that the pavement is becoming smoother. This is due to the 
smoothing of high wavenumber components. However, the situation is different for the larger 
power in the subgrade rutting law. After an initial period when the IRI decreases, the pavement 
tends to become rougher quickly. This is because the lower frequency vibrations of the vehicle 
model are imposed on the pavement profile, resulting in increased surface roughness.
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In accelerated pavement tests with realistic dynamic tyre forces, performed as part of the ’DIVINE' 
project [275J, the test pavement was also observed to become smoother initially, before becoming 
rougher as damage progressed. To some extent, this evidence verifies the trends in figure 20.19.

[138].

Figures 20.20 and 20.21 show the accumulation of 95th percentile rutting and fatigue damage as a 
function of the number of load passes. As with the previous case study, increasing the power in the 
subgrade rutting law from 1 to 4 reduces the number of loads to failure (20mm rut) significantly, in 
this case by approximately 35%.

20.5 PARAM ETRIC STUDY OF FACTORS AFFECTING FLEX IBLE 
PAVEM ENT PERFORMANCE

This section investigates the importance of typical levels of dynamic loads and pavement variability 
on long-term pavement performance. The models are more realistic than the simplified case studies 
described in the previous section.

20.5.1 WLPPM Input Parameters

The following sections investigate the long-term performance of three different strengths of flexible 
pavement operating under typical UK climatic conditions. The pavements correspond to a typical 
motorway, a principal road and a minor road. The only difference between the different pavements 
is the average thickness of the asphalt layer. This was taken to be 250mm for the motorway, 
200mm for the principal road, and 125mm for the minor road. The length of each simulated 
pavement section was 100m. A typical 50 pen modified hot rolled asphalt was used for the 
bituminous binder and the subgrade was assumed to have a CBR of 4%, as in the simplified cases in 
the previous section. Full details of the mix specification and input parameters are given in Table
20.1. For the motorway, an initial 1R1 roughness of 2 was used and for the minor road an initial IRI 
roughness of 3 was used. The variation in monthly air temperature for each pavement type was 
sinusoidal, with a mean temperature of 1ГС and a temperature amplitude of TC. The$e are typical 
of UK conditions [741. The surface profile was updated every three months of the simulation.
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Two different assumptions were again considered for the exponent chosen in the subgrade rutting 
model (equation 20.11). In the First, a value of Ц  = 3.5 was used. This corresponds to the value 
proposed by Brown [74] for use with pavement design procedures in the UK. The value of the 
subgrade multiplicative constant was taken to be Ц = 4.63 x  106m m , giving approximately half the 
rutting in the asphaltic material and half the rutting in the lower layers for a thick pavement with an air 
temperature of 10‘C. For the second assumption a value of = 1 was used. This can be 
considered to be a pessimistic estimate of subgrade damage and gives lower layer rutting that is 
proportional to the instantaneous value of the vertical subgrade strain. The value of the subgrade 
multiplicative constant was taken to be Ц = 2.47 x l(T3mm giving approximately half the rutting in 
the asphaltic material and half the rutting in the lower layers for a thick pavement with an air 
temperature of 10*C.
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For each of the 3 pavement types, 4 cases were considered, as shown in Table 20.2.

Case Initial Profile Asphalt Thickness Vehicle Loads

0 Smooth Uniform Static
1 Random Uniform Dynamic
2 Smooth Random Static
3 Random Random Dynamic

Table 20.2 Operating cases in the parametric study.

For cases 2 and 3 the required asphalt layer thickness profile was generated using the procedure 
described in Section 20.3.8. The main assumption in this procedure is that the ratio of the standard 
deviation to the mean asphalt layer thickness is constant for pavements with different mean asphalt 
layer thicknesses. Consequently, the standard deviation of the asphalt layer thickness profile 
changes in proportion to the mean asphalt layer thickness.

Note that graphical results are only presented her for two of the pavement strengths (motorway and 
minor road). Further details can be found in [134].

20.5.2 Spatial Repeatability

It is important that the dynamic loads used in the WLPPM are representative of the distribution of 
loads applied to the pavement by a typical vehicle fleet. In particular, the levels of spatial 
repeatability of dynamic loads should be included accurately.

For each pavement type, four quarter car simulations were used to represent measured vehicle fleet 
speed variations (taken from the National Speed Survey [27]). Previously measured levels of spatial 
repeatability (see Chapter 18) were modelled by adjusting the value of the suspension stiffness for 
each of the four simulations. Full details of this process are given in reference [134]. Table 20.3 
gives details of the suspension stiffnesses used in the quarter-car model for each pavement and each 
speed range used in the WLPPM.

Speed Range, V /  m/s Suspension Stiffness /  MN/m
Minor Road Principal Road Motorway

VS13.4(30raph) 0.396 — —

13.4 (30mph) < Vs; 17.9 (40mph) 0.817 0.541 0.546
17.9 (40mph) < V £ 22.4 (SOmph) 1.616 0.784 0.763
22.4 (50mph)< V S 26.8(60mph) 1.017 1.214 1.169
26.8 (60mph) < V S 31.3 (70mph) __ 0.417 0.427
31.3 (70mph) < V — — —

Table 20.3 Suspension stiffness required lo obtain desired average repeatability for each speed range.
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20.5.3 Evaluation Criteria

To compare results from the 4 cases shown in Table 20.2, two criteria were used. The first is 
denoted the 'Pavement Life Reduction Factor' (PLRF). For case i, this is defined as:

, 4  A/ « » _ Л / 0 >
PLRF(,) = -  x 100%, ( i e  1,2,3), (20.14)

where N is the number of load passes in case i required to produce 'critical' conditions, 
and N (0) is the number of load passes in case 0 required to produce 'critical' conditions.

'Critical' conditions are defined to be the first point where the 95th percentile rut depth reached 
10mm (often defined as the point where overlaying is required (378]) or the 95th percentile fatigue 
damage reached 0.5. The PLRF is a measure of the importance o f dynamic loads or asphalt layer 
thickness variations on pavement life.
The second criterion is the 'Conventional Simulation Error' (CSE). For case i, this is defined as:

гЧЗ) гЧО
CS&* = - x  100%, (i = 0, 1, 2) (20.15)jpii)

where F*1* is the case i 'failure' condition when the case 3 'failure' condition F’*3* is reached.

'Failure' conditions are defined to be the point where the 95th percentile rut depth reaches 20mm or 
the 95th percentile fatigue damage reaches 1.0. The CSE is a measure of the error in predicted 
pavement damage if dynamic loads and/or asphalt layer thickness variations are neglected.

'Failure' conditions were not used in the PLRF calculation because they were not reached in some of 
the cases and thus extrapolation would be required to calculate the PLRF.

20.5.4 Parametric Study Results 
Motorway (Subgrade Rutting Exponent = 3.5)

Figures 20.22-20.24 show the pavement surface profiles at various loading stages for case 1 
(random roughness, constant thickness), case 2 (constant roughness, random thickness) and case 3 
(random roughness, random thickness) respectively. It can be seen from these figures that more 
rutting occurs in the first 10 years (before 22.8 million load passes) than the last 10 years (between
22.8 million load passes and 45.6 million load passes). This is due to ageing of the bituminous 
material decreasing the rutting susceptibility of the asphalt mix by increasing its elastic modulus and 
viscosity. It can also be seen from the cases that include random surface roughness (cases 1 and 3) 
that the shorter wavelength surface profile components tend to get smoothed, whereas the amplitude 
of the longer wavelength components increase as the profile degrades (figures 20.22 and 20.24). 
This is similar to the simplified case studies shown above (figures 20.17-20.19). Results from case 
2 (figure 20.23) show that, as expected, the profile degradation is closely related to the input asphalt 
layer thickness profile (shown in figure 20.25).

It is interesting to compare figure 20.25 (which shows the asphalt layer thickness variations along the 
pavement) and figure 20.24 (case 3 results). It can be seen that a depression begins to form in the 
surface profile at 40m (figure 20.24) which clearly results from the weak pavement at this location 
(see figure 20.25). A similar effect occurs at 69m. On the other hand, the depressions that form at 
55m and 83m (where the pavement is relatively strong) are due to the surface roughness features just 
upstream of these locations (figure 20.24). It is particularly interesting to note that a weak pavement 
from 77m-80m does not cause a surface depression. This is because the surface profile rises at this 
point and the resultant dynamic loads are relatively small: the vehicles 'jump-over1 this point.

Figures 20.26-20.28 show the increases in IRI roughness, 95th percentile rutting and 95th percentile 
fatigue damage as a function of cumulative load passes for cases 0, l , 2 and 3 using = 3.5 in the 
subgrade rutting model (equation 20.11), The small oscillation superimposed on the curves 
(particularly figure 20.27) is due to the effects of seasonal variation in temperatures on pavement
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strength and stiffness. The pavement ruts faster in the summer than in the winter. It can be seen 
from these figures that, for case 3 (random roughness, random thickness), the pavement fails by 
excessive rutting after approximately 25 million load passes (figure 20.27). However, for case 0, 
the pavement would lake approximately 70 million load passes to failure (this is off the graph). 
Case 0 corresponds to a conventional pavement engineering calculation assuming constant loads and 
uniform properties. At failure (2.5 x  107 load passes), the 95th percentile fatigue damage for case 3 
is approximately 3.5% (figure 20.28).

Fig. 20.22 Case 1 motorway surface displacement profiles at various loading stages, using a subgrade rutting 
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Fig. 20.23 Case 2 motorway surface displacement profiles at various loading stages, using a subgrade rotting 
exponent o f L2  = 3.5. From [139).
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Fig. 20.24 Case 3 motorway surface displacement profiles at various loading stages, using a subgrade rutting 
exponent of L2 = 3.5. From 1139J.

From the 1RI roughness curves (figure 20.26) it can be seen that, for case I (random roughness, 
uniform thickness), the pavement becomes smoother initially with a subsequent gradual increase in 
roughness with progressive trafficking. This is due to the smoothing at high wavenumbers that is 
shown in figures 20.22 and 20.24. The subsequent increase in roughness is because the body 
bounce wavelengths of the vehicle models are imposed on the surface profile Asphalt layer modulus 
reductions caused by progressive fatigue damage do not greatly effect the rate of surface profile 
deterioration because the proportion of the fatigue life used at failure, for case 3 ts small i'3 .V« >

The corresponding IR1 roughness curve for case 3 (random roughness, random thickness) shows a 
similar trend although the final rate of increasing roughness is greater than for case 1 This is
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because the rate of profile degradation is dependent on the interaction between surface roughness 
induced dynamic loads and thickness variations within the asphalt layer (included in case 3 but not 
case 1). As a result of this interaction» the surface profile degrades unevenly thus producing larger 
levels of dynamic vehicle loading and an increased rate of pavement wear.

Fig. 20.26 IRI roughness curve for damage accumulation on a motorway, using a subgrade rutting exponent of 
L2 = 3.5. From [139].

Fig. 20.27 Accumulation of 95th percentile rutting on a motorway, using a subgrade rutting exponent of L2 s  3.5. 
From [139].

Tabulated values of the PLRF and CSE are given in Tables 20.4 and 20.5 respectively. It can be 
seen from Table 20.4 that the inclusion of surface roughness induced dynamic loads (case 1) and 
asphalt layer thickness variations (case 2) produce PLRFs of 34.4% and 50% respectively.
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Including both these effects (ease 3) also produces a PLRF of 50%. The pavement life is therefore 
reduced by 50% as a result of dynamic loads and asphalt layer thickness variations. The CSE values 
from Table 20.5 are 36.9% (case 0), 16.4% (case 1) and -4.4% (case 2). (Note that, for case 2, the 
predicted rut depth is greater than 20mm, hence the negative CSE value.) Thus a conventional 
pavement life simulation which neglected both dynamic loads and asphalt layer thickness variations 
would over estimate pavement life by 36.9%.

Fig. 20.28 Accumulation of 95th percentile fatigue damage on a motorway, using a subgrade rutting exponent of 
L2 = 3.5. From 1139].

It can be seen from this data that, for thick asphalt pavements (using Lj = 3.5), variations in the 
thickness of the asphalt layer (case 2) give a greater rate of rutting than surface roughness induced 
dynamic loads (case 1). This is because it was assumed that the ratio of the standard deviation of the 
asphalt layer thickness profile to the mean asphalt layer thickness was constant for different classes 
of pavements. Consequently, for a thick pavement, the standard deviation of the thickness 
distribution is largest, thus dominating the surface profile degradation process.

Road Failure
Mode

PLRF % PLRF % PLRF %

Case 1, Lq = 3.5 Case 2. Lq= 3.5 Case 2, Li -  3.5
Motorway (250mm) Rutting 34.4 50.0 50.0
Principal Road (200mm) Rutting 60.0 68.8 75.0
Minor Road (125mm) Rutting 48.0 58.7 66.7

Case L Li = 1 Case 2, L ) - \ Case 3. L  = 1
Motorway (250mm) Rutting 9.5 9.5 14.3

1 Principal Road (200mm) Rutting 18.2 18.2 27.3
Ц Minor Road ( 125mm) Fatigue N/A N/A N/A

Table 20.4 Pavement Life Reduction Factors (PLRF) for typical UK pavements.
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|Road Failure Mode CSE % CSE % C SE % "— I

_______________ Case 0, L} = 3.5 Case 1, Lq —3.5 C
[Motorway (250mm) Rutting 36.9 16.4 -4 4  -

Principal Road (200mm) Rutting 58.8 25.3 12.5
Minor Road (125mm) Rutting 63.1 28.2 16.5

Case 0, Lj, = 1 Case 1, L2 -  1 Case 2,
Motorway (250mm) Rutting 12.6 3.1 0.7
Principal Road (200mm) Rutting 27.3 14.0 10.7
Minor Road (125mm) Fatigue 90.6 69.4 70,9 1

Table 20.5 Conventional Simulation Errors (CSE) for typical UK pavements.

Motorway (Subgrade Rutting Exponent = 1)

Figure 20.29 shows the increases in 95th percentile rutting as a function of cumulative load passes 
for cases 0, 1,2 and 3 using 1^= 1 in the subgrade rutting model (equation 20.11). It can be seen 
from this figure that there is less difference between the cases compared to the corresponding results 
using the larger subgrade rutting exponent (figure 20.28). The number of load passes to failure for 
case 3, has increased to approximately 28 million. This is because the lower power in the subgrade 
rutting model reduces the weighting applied to the peaks of the dynamic loads and hence lowers the 
amplitude of the dynamic rutting damage. Consequently, more load passes are required to produce a 
95th percentile rut depth of 20mm and the rate of change in IRI is lower. The increased life also 
results in a slightly greater amount of fatigue damage at failure compared to the results using the 
larger subgrade rutting power.

Fig. 20.29 Accumulation of 95ch percentile rutting on a motorway, using a subgrade rutting exponent of L2 * 1. 
From 1139J.

It can be seen from the PLRF values in Table 20.4 that the inclusion of surface roughness induced 
dynamic loads (case 1) and asphalt layer thickness variations (case 2) both reduce pavement life by 
9.5%. Including both these effects (case 3) reduces pavement life by 14.3%. The CSE values from 
Table 20.5 are 12.6% (case 0)» 3.1% (case 1) and 0.7% (case 2). By comparing this data with the



MODELLING WHOLE-LIFE FLEXIBLE PAVEMENT PERFORMANCE 399

corresponding results using = 3.5 in the subgrade rutting model, it can be seen that the importance 
of both dynamic loads and asphalt layer thickness variations on surface damage are much greater 
when the subgrade is more susceptible to rutting.

Minor road (Subgrade Rutting Exponent = 3.5)

Figure 20.30 shows the increase in 95th percentile rutting as a function of cumulative load passes for 
cases 0, 1,2 and 3 using = 3.5 in the subgrade rutting model. It can be seen from this figure that, 
for case 3, the pavement fails by excessive rutting after approximately 0.48 million vehicle passes. It 
can be seen by comparing this figure with the corresponding results for the motorway (figure 20.28) 
that, after the nominal failure condition has been passed, there is an increased rate of rutting. This is 
due to the non-linear relationship that exists between subgrade rutting and the thickness of the asphalt 
layer. The rate of subgrade rutting is greater for the minor road which has a thinner asphalt layer. 
From Table 20.4 it can be seen that the inclusion of surface roughness induced dynamic loads (case 
1) and asphalt layer thickness variations (case 2) produce pavement life reductions of 48% and 
58.7% respectively. Including both these effects (case 3) produce a PLRF of 66.7%. The CSE 
values from Table 20.5 are 63.1 % (case 0), 28.2% (case 1) and 16.5% (case 2). It can be seen from 
this data that there is an increase in the simulation error (CSE) for all 3 cases is greater compared to 
the corresponding principal road data.

Fig. 20.30 Accumulation of 9Sth percentile rutting on a minor road, using a subgrade rutting exponent of 
L2 «3.5. From [139].

Minor road (Subgrade Rutting Exponent = 1)

Figures 20.31 and 20.32 show the increases in 95th percentile rutting and 95th percentile fatigue 
damage as a function of cumulative load passes for cases 0 ,1 ,2  and 3 using = 1 in the subgrade 
rutting model. It can be seen from these figures that, for case 3, instead of failing by rutting, the 
pavement lasts longer and fails by fatigue damage after approximately 0.55 million load passes. At 
failure, for case 3, the 95th percentile rut depth is only 1.5mm. This change in the mode of failure is 
due to the lower power in the subgrade rutting model reducing the weighting applied to the peaks of 
the dynamic loads and hence lowering the amplitude of the dynamic rutting damage in the subgrade. 
Tabulated CSE values are given in Table 20.5. PLRF values have not been presented for this case in 
Table 20.4 because the 95th percentile fatigue damage for case 0 does not reach l. It can be seen 
from this data that neglecting dynamic loads and asphalt layer thickness variations results in a 90,6% 
under-prediction of the fatigue damage at failure.
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Fig. 20.31 Accumulation of 95th percentile rutting on a minor road, using a subgrade rutting exponent of L2 = l 
From [139}.

Fig. 20.32 Accumulation of 95th percentile fatigue damage on a minor road, using a subgrade rutting exponent of 
L2 = l. From [139J.

Notes po Assumptions

There are several unvalidated assumptions that affect the results of the above parameter study. The 
most important of these are:

(i) The ratio of the standard deviation to the mean asphalt layer thickness is constant for different 
class pavements.

(ii) The asphalt layer thickness profile is uncorrelated with the pavement surface profile.

(iii) The values of the parameters L\ and La in the subgrade rutting model (equation 20.11).
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To validate these assumptions WLPPM predictions need to be compared with measured performance 
data from a large number of flexible pavements. However, the un-validated model yields realistic 
pavement performance predictions, qualitatively in line with experimental results presented in [275].

20.6 CONCLUSIONS

(i) A whole-life pavement performance model that is capable of making deterministic predictions 
of fatigue, rutting and surface roughness throughout the life of a pavement has been 
developed. The model includes the following features: (i) dynamic tyre forces;
(ii) environmental effects; (iii) realistic pavement stiffness variations; (v) a realistic asphalt 
modulus degradation law due to fatigue damage; and (v) surface and subgrade rutting.

(ii) Results from preliminary case studies indicated the considerable importance of the sensitivity 
in the subgrade rutting model on all aspects of flexible pavement wear (fatigue, rutting,
roughness).

(iii) Asphalt modulus degradation has been shown to have a significant effect on pavement wear, 
particularly when combined a large subgrade rutting exponent.

(iv) The simulation indicates that dynamic tyre forces and pavement stiffness variations can have a 
significant effect of pavement degradation, particularly surface roughness, when the subgrade 
rutting characteristics are sensitive to stress level.

(v) The simulation predicts that short wavelength roughness components are smoothed out and 
long wavelength components increase in amplitude. This agrees with the limited 
experimental evidence available.

(vi) For thinner pavements (125mm), the failure mode is dependent on the exponent in the 
subgrade rutting model. For a low power (L^ = 1) the mode of failure is predicted to be 
fatigue, whereas for a high power (Lj = 3.5) the mode of failure is predicted to be rutting.

(vii) Asphalt layer thickness variations tend to dominate the profile degradation process for thick 
pavements (250mm of asphalt) whereas surface roughness induced dynamic loads become 
more important for thinner pavements (125mm of asphalt).

(viii) Typical reductions in pavement life due to asphalt layer thickness variations are predicted to 
be between 50% and 70% using a subgrade rutting power of = 3.5. The corresponding 
reductions in life using a subgrade rutting power of = 1 are between 9% and 20%.

(ix) Typical reductions in pavement life including initial surface roughness and the consequent 
dynamic tyre forces are predicted to be between 30% and 60% using a subgrade rutting 
power of Lj -  3.5. The corresponding reductions in life using a subgrade rutting power of 
L2 = 1 are between 9% and 20%.

(x) Typical reductions in pavement life due to both initial surface roughness and asphalt layer 
thickness variations are predicted to be between 50% and 75% using a subgrade rutting 
power of Li = 3.5. The corresponding reductions in life using a subgrade rutting power of 
Li = 1 are between 14% and 30%.

(xi) For thin pavements (125mm) where the mode of failure is fatigue, neglecting surface 
roughness induced dynamic loads and asphalt layer thickness variations may result in a 90% 
under-prediction of the fatigue damage at failure.



EFFECTS OF SPATIAL REPEATABILITY 
AND SUSPENSION TYPE

21.1 SUMMARY

The effects of spatial repeatability of dynamic tyre forces on the long-term performance of three 
typical UK pavement constructions are investigated. Long-term pavement performance is calculated 
using the ‘Whole-Life Pavement Performance Model' (WLPPM) described in Chapter 20. Particular 
attention is given to modelling dynamic tyre forces and patterns of loading applied to the pavement by 
a typical fleet of heavy vehicles. A method is described for simulating vehicle fleets with varying 
degrees of spatial repeatability using a small number of dynamic tyre force histories. Results indicate 
that thinner pavements are most sensitive to the level of spatial repeatability exhibited by the vehicle 
fleet. Pavement damage predictions made without assuming an appropriate level of spatial 
repeatability can be in error by 20-150%, the higher values being for thinner pavements that fail by 
fatigue damage.

The effects of 'road friendly* heavy goods vehicle suspensions on long-term flexible pavement 
performance are then examined. The traffic is modelled either as a fleet of steel sprung heavy goods 
vehicles or as a fleet of ‘road friendly* air suspended vehicles. The pavement life predictions are 
compared for the two cases and with results from a simple road damage analysis based on the ’fourth 
power law'. It is concluded that changing to a fleet of 'road friendly’ vehicles would not 
significantly affect the life or maintenance costs of thicker asphalt pavements (motorways and trunk 
roads) where the mode of failure is permanent deformation (rutting). However, the life of thinner 
pavements (minor roads) that fail by fatigue damage and localised failure would be increased 
significantly if the vehicle fleet changed to road friendly suspensions. Predictions from the 
simplified fourth power law approach tend to significantly overestimate the benefits of road-friendly 
suspensions for motorway conditions compared to the WLPPM predictions. It is concluded that the 
potential economic benefits in England and Wales of converting to air suspensions, may be only 30% 
of those predicted by the authors of the European 'road friendly suspensions’ regulations.

This chapter is based on work first published in [ 141] and [132].

21.2 INTRODUCTION

This chapter contains two case studies on the influence of dynamic tyre forces on whole-life 
pavement performance.

The importance of spatial repeatability on road damage has been discussed throughout this part of the 
book. The only way that the influence of spatial repeatability can be assessed with confidence is to 
use a WLPPM, since this can mortel the pavement degradation process with various different 
assumptions about spatial repeatability. Fortunately, all of the tools arc now in place. Spatial 
repeatability has been characterised, simulated and measured (Chapter 18); and a relatively realistic 
WLPPM has been developed and tested (Chapter 20). In the first case study of this chapter (Section
21.4), tire two are combined. The WLPPM is used to evaluate the relative importance of spatial
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repeatability on long-term pavement damage, for three typical UK constructions: motorway, principal 
road and minor road.

Legislation has been in place for many years limiting Gross Vehicle Weight (GVW) and the static 
loads on individual axles, but only in the last few years have regulations controlling dynamic tyre 
forces been introduced [52]. Recent European legislation has encouraged the use of 'road-friendly' 
suspensions on heavy goods vehicles [32]. A payload advantage is given to air suspensions or 
’equivalent’, for the drive axles of certain vehicles. (’Equivalent’ suspensions are defined on the 
basis of a parametric lest, where a step input is applied to the axle. The measured ’natural frequency' 
and 'damping ratio’ must lie within certain limits [32]. This test is discussed in detail in Chapter 27.)

The effect that this legislation is expected to have on pavement life was estimated by the European 
Commission using a load equivalence law of a similar form to equation 1.1 [52J:

/  \ n 
^ = 4 - 5 .  
n j Ы (21.1)

where N, is the number of loads (static) of magnitude Ң to cause failure,
Nj is the number of'standard' loads (static) of magnitude Pj to cause failure, 
n is a constant, depending on the type of pavement construction (typically 4 for flexible 

pavements), and
a  is a coefficient relating the life of the pavement surface under a dynamically varying 

load to that under a rolling static load.

The parameter a  can be seen to be equivalent to the dynamic road stress factor in equation 17.3. 
For smooth pavement surfaces and a vehicle speed of 80km/hr, typical values of a  are given in 
[52], They range from 1.01 for an air suspension to 1.25 for a steel leaf semi-trailer suspension. On 
rougher pavements these values increase to 1.08 for an air suspension and 1.54 for a steel semi
trailer suspension. Using these factors, and assuming a design life of 20 years with no change in 
static axle loads, the additional dynamic loading produced by air suspensions and steel suspensions 
would reduce the life of a smooth pavement (motorway) to 19.8 years and 16 years respectively. 
The corresponding values for a rougher pavement (minor road) are 18.5 years (air suspension) and 
13 years (steel suspension). Consequently, according to equation 21.1, changing from a steel 
sprung vehicle to an air sprung vehicle would increase the life of a smooth pavement (motorway) by 
approximately 24% and increase the life of a rough pavement (minor road) by approximately 42%. 
As mentioned in Chapter 17 there have been a number of criticisms of the road stress factor 
approach.

The second case study in this chapter (Section 21.5) examines the effects on long-term flexible 
pavement performance and road maintenance costs, of changing from a fleet of vehicles with steel 
suspensions to a fleet of vehicles with 'road friendly’ air suspensions. Long-term pavement 
performance due to environmental and traffic loading is calculated using the WLPPM. Results are 
compared to predictions using the dynamic road stress factor approach.

21.3 MODELLING ASSUMPTIONS

Most modelling assumptions used in the simulations described in this chapter were the same as in 
Chapter 20. These include: the climatic factors; the primary response models; and the asphalt fatigue 
damage and permanent deformation models. Full details of the mix specification and input 
parameters are given in Chapter 20 (Table 20.1).

The modelling assumptions that were different for the analyses in this chapter ure as fotlows:

(i) To simplify the calculations, asphalt layer thickness variations were not included in either of 
the cose studies.
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(ii) Ageing of the asphalt was not considered in the analysis of spatial repeatability (Section
21.4), but it was considered in the analysis of suspension types (Section 21.5).

(iii) In Section 21.4, three different pavement structures are analysed. The only geometrical 
differences between the structures is the thickness of the asphalt layer. This was taken to be 
250mm for the motorway, 200mm for the principal road and 125mm for the minor road.

(iv) In Section 21.5, the thickness of the asphalt layer is taken to be 350mm for the motorway and 
125mm for the minor road.

(v) In both sections, the ’motorway', is assumed to have an initial IRI roughness of 2mm/m, 
whereas the ’principal' and 'minor roads', are assumed to have an initial IRI roughness of 
3mm/m.

(vi) A linear quarter car vehicle model was used to generate a tyre force histories, as in Chapter 
20. The speed of the vehicle is taken to be the average speed for traffic on the class of 
pavement being simulated. This is 24.1m/s (54mph) for a motorway, 23.7m/s (53mph) for a 
principal road, and 17.9m/s (40mph) for a minor road [27].

(vii) The suspension stiffness is set to a value of: 0.7MN/m - corresponding to an average 
suspension (125] for the study of spatial repeatability in Section 21.4; and values of 
1.0MN/m and 0.4MN/m, corresponding to typical steel and air suspensions [125], in 
Sections 21.5. The vehicle model parameters are provided in Table 21.1.

Vehicle parameter Generic suspension 
(Section 21.4)

Air suspension 
(Section 21.5)

Steel suspension 
(Section 21.5)

Sprung mass ms 4500 kg 4500 kg 4500 kg
Unsprung mass mu 500 kg 500 kg 500 kg
Suspension stiffness k5 0.7 MN/m 0.4 MNVm 1.0 MN/m
Tyres stiffness kt 2 MNVm 2 MN/m 2 MN/m
Suspension damping cs 20 kNs/m 20 kNs/m 20 kNs/m

Table 21.1 Vehicle model parameters (see Figure 5.1a).

21.4 EFFECTS O F SPATIAL REPEATABILITY

21.4.1 Characterising Spatial Repeatability

The assumptions about spatial repeatability used in this chapter are based on the measurements taken 
on the A34 trunk road in the UK, which are described in Section 18.4.3.

The probability distribution of the Spatial Repeatability Index (SRI) for the data shown in figure 
18.26 was calculated by dividing the difference between the minimum SRI and maximum SRI values 
into 50 equal segments of width ASRI=0.016. The number of vehicles in each segment was 
calculated and scaled to give the probability distribution curve shown in figure 21.1. It can be seen 
from this figure that the probability curve increases as the SRI increases until SRI »  0.7, where it 
decreases rapidly. Theoretically this probability distribution should peak at an SRI value of one. 
The sudden decrease is due to noise on the individual tyre force measurements caused by the sensors 
in the load measuring mat. It was shown theoretically in equation 18.16 that random noise on the 
tyre force measurements would result in an under-prediction of the SRI, and hence a roll-off similar 
to that in figure 21.1 (see [134] for further details).
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Fig. 21.1 Measured SRI probability distribution. From [132].

To correct for the effects of noise, a Gaussian (normal) probability distribution was fitted to the data 
in figure 21.1. The fitted curve is shown by the dashed line. This curve was then shifted 
horizontally such that the peak occurred at SRI = 1. This shift of 0.25 can be interpreted as the 
reduction in SRI due to the average amount of noise on the individual tyre force measurements. The 
standard deviation of the fitted probability distribution was 0.287. This parameter can be considered 
to characterise the degree of spatial repeatability exhibited by the vehicle fleet and is known as the 
'Spatial Distribution Number* (SDN).

By adjusting the value of SDN it is possible to simulate vehicle fleets with different levels of 
repeatability. For example, SDN = 0 would correspond to perfect repeatability where all the vehicles 
apply their peak loads at exactly the same points on the pavement surface. Conversely, SDN = °° 
would correspond to the situation where the loads applied by the vehicle fleet are random in space 
with each point receiving statistically similar levels of loading. Both of these extreme assumptions 
have been used in pavement performance models used to predict long-term pavement damage [66, 
365, 471).

To compare the results for different levels of repeatability, a 'Simulation Error' (SE) was used. For 
a repeatability level SDN, the SE is defined as:

а д ) = ж ^ х100% (212)
'F ( o e )

where 4*(SDN) is the calculated road damage for spatial repeatability SDN when the 'failure* 
damage level is reached for perfect repeatability (SDN = 0), and 

'F(oo) is the calculated road damage level for no spatial repeatability ( SDN = «° ) when 
the 'failure' damage level is reached for perfect repeatability(S£W -  0).

'Failure' damage levels are defined to be the point where the 95th percentile rut depth reaches 20mm 
or the 95th percentile fatigue damage reaches 1.0. The SE is a measure of the error in predicted 
pavement damage relative to the damage caused by a vehicle fleet exhibiting no repeatability (ie 
SDN = »  as per the 'Road Stress Factor' approach). For example, a repeatability level with an SE 
of 100% indicates that there is a 100% difference in predicted pavement damage compared to a 
vehicle fleet exhibiting no repeatability (ie SDN = <»). A repeatability level with an SE of 0% 
indicates that there is no difference in predicted pavement damage compared to a vehicle fleet 
exhibiting no repeatability (ie SDN = <»).
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21.4.2 Modelling Spatial Repeatability

The method used to model vehicle fleets exhibiting differing levels of repeatability, using a finite 
number of aggregate tyre force histories is explained in this section.

If all the wavenumber components in an aggregate force history u are phase shifted by a constant 
amount (ie Ф,■ = ф), and the phase-shifted history v is compared to the original, then equation 
18.13 simplifies to:

SRI = cos(^). (21.3)

Thus the spatial repeatability index is simply related to the phase angle (see also Section 18.3.2). 
Consequently, using equation 21.3 it is possible to re-plot the Gaussian probability distribution 
shown in figure 21.1 (corrected for noise) as a function of phase angle ф. This is shown in figure
21.2. Note that negative phase angles have to be included in this step. This distribution can be 
discretised into a number of regions of equal width and constant phase angle. An example of this is 
also shown in figure 21.2 where the distribution has been discretised into three equal width regions. 
The constant phase angles are the average values in each region (ie -0 .96 ,0 , +0.96 radians).

Fig. 21.2 Phase angle probability distribution. From [132].

For the example shown in figure 21.2, this repeatability level can be modelled approximately using a 
reference aggregate force history, calculated with a vehicle simulation, and two other aggregate force 
histories derived from the reference aggregate history, by phase shifting all the wavenumber 
components by ±0.96 radians respectively. This is easily achieved by calculating the Discrete 
Fourier Transform (DFT) of the reference aggregate force history, adding or subtracting a constant 
phase angle to all the components, and then calculating the inverse DFT to regain the phase-shifted 
aggregate force history. (This procedure is similar to that for generating a correlated random road 
surface profile, as discussed in Section 3.4.1.)

An illustrative example of this is shown in figure 21.3. The reference history is shown by the solid 
line, and the dashed and dotted lines are for phase shifts of +nl4 and +n respectively. The 
corresponding SRb for these curves are SRI = 0.71 for a phase shift of +7t/4, and SRI = -1.0 for 
a phase shift of +Я (calculated using equation 21.3). It can be seen from this figure that the peak 
loads from the +rt/4 force history (dashed line) occur at similar positions to the peak loads from the 
reference force history (solid line). Consequently, for this illustrative example, the repeatability level
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is high1. Conversely, the peak loads from the +Я force history (dotted line) occur at the same 
positions as the troughs from the reference force history (solid line) and the repeatability is low. By 
altering the SDN it is possible to simulate varying levels of spatial repeatability. The number of 
discrete values of ф used to ensure convergence of the WLPPM results is discussed in the following 
section.

21.4.3 Convergence Study
A 100m section of the 'minor road’ pavement was selected to examine the dependence of WLPPM 
predictions on the number of force histories needed to model different repeatability levels, ie the 
number of discrete levels chosen in the probability distribution of SRI in figure 21.2. Each time 
traffic load histories were needed by the WLPPM, the quarter-car model was used to calculate a 
'reference' dynamic tyre force history, and the phase-shifting method was used to generate additional 
histories with appropriate levels of repeatability. The results are briefly summarised in the following 
section.

Figure 21.4 shows the 95th percentile rut depth on a minor road as a function of load passes using 3, 
5 and 7 'vehicle models', (ie 2, 4 and 6 phase-shifted time histories), in addition to the reference 
model). The SDN was taken to be the measured value, SDN = 0.287, and a subgrade rutting 
constant of Lj = 3.5 was used. Figures 21.5 and 21.6 show the 95th percentile fatigue damage and 
1RÎ roughness for the same pavement. It can be seen from these figures that the increase in each 
mode of damage is not smooth. This is due to the annual cyclic variation in air temperature affecting 
the rate of damage accumulation. It can also be seen from these figures, that the pavement fails by 
rutting after approximately 0.18 million load passes and, at failure, approximately 40% of the fatigue 
life has been used up over 5% of the pavement (ie the 95th percentile level). It is apparent from 
these figures that there is no appreciable difference between the curves for 5 and 7 vehicle models. 
The curve for 3 vehicle models slightly under-predicls each mode of damage.

From the IRI curves (figure 21.6) it can be seen that the pavement becomes smoother initially with a 
subsequent increase in roughness with progressive trafficking. (See explanation in Chapter 20.)

1 In fact a value of 0.71 is the threshold proposed in Section 18.3.2.
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Fig. 21.4 95th percentile rut depth in a thin pavement calculated using 3,5 and 7 vehicle models and L2 = 3.5 in 
the subgrade ratting model assuming measured repeatability (SDN = 0.287). From [ 132].

To determine if these findings apply to other levels of repeatability, a value of SDN- 10 (low 
repeatability) for the same pavement was also investigated. This corresponds to the situation where 
the loads applied by the vehicle fleet are approximately evenly distributed, with each point on the 
pavement surface receiving statistically similar loading to each other point. For brevity the results are 
not shown here but, as before, it was found that there was little difference between the curves for 5 
and 7 vehicle models and that the curve for 3 vehicle models slightly under-predicted each mode of 
damage. Consequently it was decided to use 3 tyre force histories for modelling different levels of 
spatial repeatability. This results in a slight under-prediction in each mode of damage, but at a 
significantly reduced computation time compared with the same simulation using 5 vehicle models.

Eig. 21.5 95th percentile fatigue damage in a thin pavement calculated using 3,5 and 7 vehicle models and
L 2 » 3 J  in the subgrade ratting model assuming measured repeatability (SDN-  0.287). From [I32|-
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Fig. 21.6 IRI roughness in a thin pavement calculated using 3, 5 and 7 vehicle models and L2 *  3.5 in the 
subgrade rutting model assuming measured repeatability (SDN -  0.2S7). From ( 132].

21.4.4 Minor Road (Subgrade Rutting Exponent = 3.5)

Results from a parameter study for three typical UK pavement constructions are presented in the 
following sections. For brevity, only the results for the minor road are given in detail. Results for 
the other two pavement types (motorway and principal road) are given in summary form.

Figures 21.7-21.9 show the 95th percentile rut depth, 95th percentile fatigue damage and 1R1 
roughness as a function of cumulative load passes, for a range of repeatability levels, using = 3.5 
in the subgrade rutting model (equation 20.11). It can be seen that assuming perfect repeatability 
(SDN = 0) the pavement fails by excessive rutting after approximately 0.17 million load passes 
(figure 21.7). It can also be seen from Figure 21.7 that as the SDN increases (ie repeatability 
decreases), the rate of accumulation of 95th percentile rutting decreases. This is because the peak 
loads are distributed over the pavement surface and are not concentrated at the same locations. At 
failure, the 95th percentile fatigue damage (figure 21.8) for perfect repeatability (SDN = 0) is 
approximately 50%.

From the IRI curves (figure 21.9) it can be seen that for lower SDNs (higher repeatability), the 
pavement becomes smoother initially with a subsequent increase in roughness with progressive 
trafficking. As the SDN increases (repeatability decreases) the curves become flatter with a more 
gradual increase with progressive trafficking. This is because the peak loads become distributed 
randomly along the pavement and are not concentrated at the worst locations. Consequently, the 
roughness does not increase so rapidly.

21.4.5 Minor Road (Subgrade Rutting Exponent = 1)

Figures 21.10-21.12 show the 95th percentile rutting, 95th percentile fatigue damage and IRI 
roughness as a function of cumulative load passes for various repeatability levels using = 1 in the 
subgrade rutting model (equation 20.11). It can be seen from these figures that for perfect 
repeatability (SDN = 0), instead of failing by rutting, the pavement lasts longer and fails by fatigue 
after approximately 0.22 million load passes (rather than 0.17 million load passes in the previous 
case, figure 21.7). At failure, the 95th percentile rut depth for perfect repeatability (SDN = 0) is only 
approximately 0.7mm. This change in the mode of failure is due to the lower power in the subgrade 
rutting model which reduces the weighting applied to the peaks of the dynamic loads and hence
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lowers the amplitude of the dynamic rutting in the subgrade. This gives sufficient extra pavement life 
for fatigue damage to become significant and ultimately to cause failure.

It can also be seen by comparing the change in IRI roughness (figure 21.12) with the corresponding 
case using the larger power in the subgrade rutting model (figure 21.9) that there is no increase in 
roughness as the pavement is progressively trafficked. This is because the magnitude of surface 
deformation at failure is low, for all repeatability levels.

Fig. 21.7 95th percentile nit depth in a thin pavement for various repeatability levels using L j  = 3.5 in the 
subgrade rutting model. From [132].

Fig. 21.S 95th percentile cumulative fatigue damage in a thin pavement for various repeatability levels using 
Ц  -  3.5 in the subgrade rutting model. From [132].
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Fig. 21.9 IRI roughness in a thin pavement for various repeatability levels using L2 = 3.5 in the subgrade ratting 
model. From [132].

Fig. 21.10 95th percentile rut depth in a thin pavement for various repeatability levels using L2 «  1 in the 
subgrade ratting model. From [132],

2i.4.6 Summary Data

The data presented in figures 2 1.7-21.12 can be presented in summary form by calculating the SE 
using equation 21.2. The results for subgrade rutting powers of 3.5 and l are shown in figures 
21.13 and 21.14 respectively. Also shown in these figures are the summary results for the 
motorway and principal road. It can be seen from both of these figures that all the curves show a 
characteristic shape. As the SDN increases there is a large drop in SE and the curves tend to level out 
to a constant value of SE = 0. This behaviour can be explained by considering the limiting case of
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no repeatability (SDN = « )  which is the datum for calculating the SE from equation 21.2. This limit 
corresponds to the situation where the vehicle loads are evenly applied to the pavement surface and 
the pavement degrades due to the average level of dynamic loading. Consequently, as the SDN 
increases (repeatability decreases), the SE curves should level out to this limit.

Fig- 21.11 95th percentile cumulative fatigue damage in a thin pavement for various repeatability levels using 
L.2 = 1 in the subgrade rutting model. From [132].

21,12 IR1 roughness in a thin pavement for various repeatability levels using L2 - I  in die subgrade rutting 
model. From [132],
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Fig. 21.13 Simulation Error (SE) as a function of repeatability level using L2 “  3.5 in the subgrade rutting model. 
From (132].

Fig. 21.14 Simulation Error (SE) as a function of repeatability level using L2= 1 in the subgrade rutting modeL 
From (1321.

For a subgrade rutting exponent of 3.5 (figure 21.13) the failure mode for all three types of pavement 
is rutting. The SE curve for the minor road is greater than the SE for the principal road which is 
greater than the SE for the motorway. This is because for thinner asphalt layers there is 
proportionately more rutting occurring in the lower pavement layers where the material is more 
sensitive to the dynamic level of loading. It can be seen from this figure that the SEs for the 
measured vehicle fleet (SDN = 0.287) are between 20% (motorway) and 55% (minor road). It can
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also be seen from this figure that if the vehicle fleet is assumed to be perfectly repeatable (SDN = 0), 
the SEs increase to between 22% (motorway) and 100% (minor road). It can be concluded from this 
figure that, for a high power in the subgrade rutting model and failure by rutting, thinner pavements 
are more sensitive to different levels of spatial repeatability than thicker pavements.

For a subgrade rutting exponent of 1 (figure 21.14) the failure mode for the motorway is rutting 
whereas the failure mode for the principal road and minor road is fatigue. Consequently, since the 
exponent in the fatigue model is larger than the exponent in the subgrade rutting model, the SEs for 
the principal road and minor road are greater than the SE for the motorway. For the motorway, rut 
depth accumulation is essentially due to the static vehicle loads with dynamic forces having only a 
small effect. It can be seen from this figure that the SEs for the measured vehicle fleet 
(SDN = 0.287 ) for the pavements that failed by fatigue damage are approximately 150% whereas the 
SE for the pavement that has failed by rutting is only 8%. It can also be seen from this figure that if 
the vehicle fleet is assumed to be perfectly repeatable (SDN = 0), the SEs for the pavements that 
failed by fatigue damage increase to approximately 350%. It can be concluded from this figure that, 
for a low power in the subgrade rutting model, thinner pavements that fail by fatigue damage are 
extremely sensitive to different levels of spatial repeatability.

By comparing figures 21.13 and 21.14 it can be concluded that the pavements most sensitive to the 
level of spatial repeatability are thinner pavements that fail by fatigue damage. However, even for 
thicker pavements that fail by rutting, neglecting to model the distribution of dynamic loads applied to 
the pavement surface can result in relatively significant errors in the levels of predicted damage.

21.5 EFFECTS OF SUSPENSION TYPE

21.5.1 Characterising Suspension Differences

The effects of suspension type on pavement performance will be considered in this section. The 
level of spatial repeatability measured during the field tests on the A34 road (is SDN = 0.287) is used 
in all the simulations. Two pavements are modelled, a minor road and motorway, as described in 
Section 21.3.

For both pavement types, damage was calculated due to a fleet of steel sprung vehicles and compared 
with the damage caused by a fleet of 'road friendly' air suspended vehicles. The results are 
compared using a 'Pavement Life Reduction Factor* (PLRF), defined as:

hjair _  fjjteel
PLRF = — — xl00% , (21.4)

where N™ is the number of load passes of air suspended vehicles required to produce 'critical' 
conditions, and

Nsteel is the number of load passes of steel sprung vehicles required to produce 'critical* 
conditions.

'Critical' conditions were defined to be the first point where the average rut depth along the road 
reached 15mm, or the 95th percentile fatigue damage reached 0.5. The 95th percentile level was 
chosen for fatigue damage (rather than the average) because fatigue damage is likely to be localised at 
the most heavily loaded points on the pavement due to the high power in the fatigue damage model. 
Consequently, pavement failure due to fatigue is likely to be governed by excessive damage at these 
locations rather than the average level. This type of upper percentile approach is consistent with the 
method commonly used to evaluate deflectograph surface deflection measurements (see [36] for 
further details). The average value of the rut depth was used because this is normally the statistic 
which is used to trigger surface maintenance intervention.

The PLRF is a measure of the increase in pavement life caused by changing from a fleet of steel 
sprung vehicles to a fleet of air sprung vehicles. For example, a PLRF of 100% would indicate that
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the pavement life would be increased by a factor of two if trafficked by a fleet of 'road friendly' 
vehicles compared to a fleet of steel sprung vehicles.

21.5.2 Motorway (Subgrade Rutting Exponent = 3.5)

Figure 21.15 shows the surface profile at various stages in the life of the motorway, trafficked by a 
fleet of steel sprung vehicles, using = 3.5 in the subgrade rutting model (equation 20.11). It can 
be seen from this figure that as the pavement is progressively trafficked, the average surface profile 
elevation decreases due to the accumulation of rutting deformation in the wheel path. It can also be 
seen from this figure that the rate of damage accumulation is not constant but tends to decrease with 
time. This is due to ageing of the asphaltic material (as per equation 20.7) slowing down the rutting 
process (see [138] for further details).

Fig. 21.15 Surface profile evolution due to a fleet of steel sprung vehicles on the motorway using L2 * 3.5 in the 
subgrade rutting model. From [141].

Figure 21.16 shows the increase in average rut depth as a function of load passes (time) for fleets of 
air and leaf sprung vehicles, travelling over the simulated road section. The 'ripple' on the curves is 
again caused by seasonal temperature variations changing the rate of damage accumulation. It can be 
seen from this figure that, for the fleet of steel sprung vehicles (solid line), the pavement reaches 
critical conditions (15mm average rut depth) after approximately 65 million heavy vehicle passes. At 
10 000 lorries per day (a moderately heavily trafficked road lane) this would correspond to 
approximately 18 years. It can also be seen from this curve that the fleet of air sprung vehicles 
causes very slightly less damage, with the result that the pavement life is increased by approximately 
2.8% (as characterised by the PLRF).

Figure 21.17 shows the corresponding 95th percentile fatigue damage as a function of load passes 
for both fleets of vehicles. It can be seen from this figure that, at the critical conditions ( 15mm 
average rut depth), the 95th percentile fatigue damage for the fleet of steel sprung vehicles is 
approximately 0.003, ie 0.3% of the fatigue life. The corresponding value for the fleet of air sprung 
vehicles is 0.23%. These values would be expected to increase significantly for thinner pavements 
that are more susceptible to fatigue damage. It can be seen by comparing figures 21.16 and 21.17 
that there is a significantly greater difference between the 95th percentile fatigue damage curves 
(figure 21.17) than the average rut depth curves (figure 21.16). This is because fatigue damage at 
the bottom of the asphalt layer is much more sensitive to the level of dynamic loading than rutting in
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the asphaltic surface material. However, the small amount of fatigue damage incurred by ^  
pavement in each of the cases has little effect on its life. c

Fig. 21.16 Accumulation of average nit depth on the motorway using L2 = 3.5 in the subgrade rutting model. 
From (141).

Fig. 21.17 Accumulation of 95th percentile fatigue damage on the motorway using L2 3  3.5 in the subgrade 
rutting model. From (141).

Figure 21.18 shows the change in 1RI (surface roughness) with load passes for both fleets of 
vehicles. It can be seen from this figure that, for both fleets of vehicles, the pavement initially 
becomes smoother. This is because during the early part of the pavement's life, the short wavelength 
surface roughness features are smoothed out by the dynamic tyre forces. This is due to the phase 
relationship between the dynamic eyre force histories and the pavement surface profile history (see
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Section 20.4.4 for further details). It can also be seen from Figure 21.18 that the curve for the fleet 
of steel sprung vehicles (solid line) shows a gradual increase in roughness after about 15 million 
load passes. This is because the longer wavelength surface roughness components start to become 
am plified by the dynamic loading. The corresponding curve for the fleet of air sprung vehicles 
(dashed line) does not show this increase in roughness, because the level of dynamic loading, and 
corresponding surface deformation, is not sufficient to magnify the longer wavelength roughness 
com ponents in the pavement surface profile. If the simulation were continued, the level of dynamic 
loading would gradually increase and the IR1 roughness curve would eventually start to rise.

Fig. 21.18 Surface roughness evolution on the motorway using L2  = 3.5 in the subgrade rutting model 
From [ 14Ц.

Fig. 21.19 Accumulation of average rut depth on the motorway using L2  -  1 in the subgrade rutting model. 
From 1141].
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21.5.3 Motorway (Subgrade Rutting Exponent = 1)

Figure 21.19 shows the increases in average rut depth for both fleets of vehicles trafficking a thick 
pavement construction (350mm asphalt layer thickness), using = 1 in the subgrade rutting model, 
it can be seen from this figure that, for the fleet of steel sprung vehicles, the pavement reaches critical 
conditions (15mm rut depth) after approximately 38 million load passes. It can also be seen that 
there is essentially no difference between the curves for the steel sprung vehicle fleet (solid line) and 
the air-suspended vehicle fleet (dashed line) and there is negligible increase in life associated with the 
road friendly fleet of vehicles (PLRF*0). This is lower than the corresponding value of 
PLRF = 2.8% calculated from figure 21.16 (L2 = 3.5), because the subgrade is less sensitive to 
the level of dynamic loading and hence permanent deformation is reduced.

At critical conditions (15mm average rut depth), the 95th percentile fatigue damage for the fleet of 
steel sprung vehicles (not shown) is approximately 0.0017 (ie 0.17% of the fatigue life). The 
corresponding value for the fleet of air sprung vehicles is 0.13%. The IRI curves (also not shown) 
showed a similar pattern to the curves in figure 21.18. (See Collop [141] for details.)

Since permanent deformation of the pavement occurs mainly in the surface layer for either subgrade 
deformation model (L2 = 1, or L2 = 3.5), the service life is governed by the deformation 
characteristics of the asphalt. The dominant factor in permanent deformation of a linear viscoelastic 
asphalt surface is the static vehicle load, and dynamic load fluctuations have only a small effect (see 
Chapter 14 and figure 17.12a). Consequently the surface deformation is essentially uniform along 
the road (as illustrated by figure 21.16). This result is consistent with field observations of heavily 
rutted motorways, where the ruts are usually of relatively uniform depth, with little localised 
variation in depth that could be attributed to dynamic load fluctuations. It can therefore be concluded 
that suspension type has little effect on the service life of this type o f road.

21.5.4 Minor road (Subgrade Rutting Exponent = 3.5)

Figures 21.20-121.22 show the variation in average rut depth, 95th percentile fatigue damage and 
IRI roughness for both fleets of vehicles trafficking the 'minor road', using = 3.5 in the subgrade 
rutting model. It can be seen from figure 21.20 that the pavement trafficked by the steel sprung 
vehicles reaches critical conditions (15mm average rut depth) after approximately 0.61 million heavy 
load passes compared with approximately 0.86 million heavy load passes for the air suspended fleet. 
The increase in pavement life (characterised by the PLRF) for the fleet of air suspended vehicles is 
approximately 38.6% (compared with 2.8% for the thicker pavement). This larger influence of 
suspension type is due to the higher proportion of permanent deformation occurring in the lower 
pavement layers which are more sensitive to the level of dynamic loading (see [138] for a detailed 
discussion). Consequently, the differences in dynamic loading produced by the two vehicle fleets 
becomes more important.

It can be seen by comparing figures 21.21 and 21.17 that the fatigue damage at the 'critical 
conditions' for the minor road trafficked by the steel sprung vehicles is 30.6% compared to 0.3% for 
the motorway. This increase in fatigue damage is due to the 'positive feedback' that occurs in the 
damage process. As the pavement becomes rougher, the dynamic loads increase, and the damage per 
vehicle pass at critical locations increases. The roughness therefore increases, as do subsequent 
dynamic loads. Consequently", the fatigue damage increases rapidly towards the end of the life.

Figure 21.22 shows the increase in IRI roughness for a thin pavement trafficked by both fleets of 
vehicles. It can be seen from this figure that, for the fleet of steel sprung vehicles (solid line), there 
is a gradual initial reduction in 1R1 roughness. After approximately 0.65 million load passes there is 
a dramatic increase in the level of IRI roughness. It can be seen by comparing figure 21.22 with 
figure 21.20 that this increase happens just after the pavement has reached the critical rut depth, and 
occurs simultaneously with the rapid rise in surface fatigue damage (figure 21.21). The 
corresponding curve for the road friendly vehicle fleet (dashed line) shows that this dramatic increase 
in roughness does not occur. This is due to the lower dynamic loading for the road friendly vehicles.
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Fig. 21.20 Accumulation of average nit depth on the minor road using L2 = 3.5 in the subgrade rutting model. 
From [141].

Fig. 21.21 Accumulation of 95th percentile fatigue damage the minor road using L2 = 3.5 in the subgrade rutting 
model. From [141].

The surface profile evolution for the fleet of steel suspensions is shown in figure 21.23, where it can 
be seen that late in the service life, large pot-holes begin to form at locations where the dynamic loads 
are high. These are the points that suffer high fatigue damage, and hence where the asphalt surface 
becomes the most flexible. This allows excessive subgrade deformation and hence formation of pot 
holes at these locations. The corresponding surface profile evolution for the air suspended fleet, at 
the sam e time increments, is shown in figure 21.24. Here it can be seen that the deformation is 
essentially uniform with no significant localised damage due to dynamic loading.
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Fig. 21.23 Surface profile evolution due to a fleet of steel sprung vehicles on the minor road using L2 s  3.5 in the 
subgrade rutting model. From [141].

21.5.5 Minor road (Subgrade Rutting Exponent = 1)

Figures 21.25 and 21.26 show the variation in average rut depth and 95th percentile fatigue damage 
for both fleets of vehicles trafficking the minor road, using = 1 in the subgrade rutting model. It 
can be seen from these figures that for the fleet of steel sprung vehicles (solid line), the 95th 
percentile fatigue damage reaches critical conditions (0.5) after approximately 0.87 million load 
passes when the average rut depth is only 1.45mm. Thus the change in parameter L2 has caused 
the pavement to last about 40% longer (than the 0.61 million load cycles to failure for 7,2=1, in
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figure 21.20) and has caused the mode of failure to change from rutting to fatigue. It can also be 
seen from this figure that the pavement trafficked by the fleet of road friendly vehicles lasts 
approximately twice as long and reaches critical conditions after approximately 1.68 million load 
passes. This corresponds to a PLRF value of 89.7%.

Photographs of typical deterioration of a motorway and a minor road are shown in figures 21.27 and 
21.28. These figures illustrate deterioration which is representative of that type shown in figures 
21.15 (rutting) and 21.23 (potholing) respectively. They confirm that the modes of road damage 
predicted by the whole-life model are realistic.

Fig. 21.24 Surface profile evolution due to a fleet of air sprung vehicles on the minor road using L2  « 3.5 in the 
subgrade rutting model. From [ 141].

21.5.6 Economic Evaluation
Table 21.2 shows the estimated annual expenditure1 on structural maintenance of roads in England 
and W ales in 1995/96, according to road class and geographical region, based on survey returns 
from 394 local authorities, extracted from [37]. The estimated total expenditure on motorways and 
trunk roads2 was £694m; the expenditure on 'principal roads'3 was £113m; while that for 'other 
roads’4 was £775m; giving a total o f £1581m.

Structural damage to motorways, trunk roads and principal roads can largely be attributed to heavy 
vehicle traffic. In the following approximate analysis, it is assumed that motorways and trunk roads 
are o f ’motorway' construction, and principal roads are o f 'minor road’ construction.

1 Data in [37] shows that historically, the annual estimates are accurate to within about 10% of the 'actual' data 
collected in subsequent years.
2 Roads maintained by various local authorities for the Department of Transport
3 Roads maintained by local authorities using local finance.
4 Suburban streets and country lanes - both surfaced and unsurfaced.
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Bg. 21.26 Accumulation of 95th percentile fatigue damage on the minor road pavement using L2 = 1 in the 
subgrade rutting model. From [141]

'Other’ roads (suburban streets and country lanes) generally encounter very little heavy vehicle 
traffic. For these roads, most structural damage is likely to be caused by environmental influences, 
ground subsidence, inadequate drainage, etc, rather than infrequent heavy vehicles. Consequently, 
the cost of heavy-vehicle-related maintenance on 'other roads' will be small compared with the 
equivalent costs for motorways, trunk roads and principal roads. Therefore, in the following 
approximate analysis of economic benefits, the total cost of road maintenance attributed to the 
effects of heavy vehicles in England and Wales is assumed to be £694m + £113m = £807m.

By comparing the WLPPM simulation results with results from the dynamic road stress factor 
approach used in the European regulations [52] (see Section 21.2), it can be seen that there is a 
considerable difference in the predicted benefits of changing from a fleet of steel sprung vehicles to a 
fleet of 'road friendly' air sprung vehicles. These results are summarised in Table 21.3. The road 
stress factor approach tends to substantially overestimate the effects of dynamic loads on thicker,
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sm oother pavements (motorways), for which the WLPPM has shown that dynamic loads have little 
effect on the rate of damage accumulation (24% for the road stress factor, compared with 2.8%, for 
the W LPPM  with L2=3.5 and 0% for L2=1.0). Conversely, for thinner pavements that can fail by 
fatigue, the simplified road stress factor approach tends to underestimate the effects of dynamic 
loads on pavement damage (42%, compared with 38.6%, for L2=3.5 and 89.7% for L2=l .0). This 
is because the Road Stress Factor is based on the average damage level along the road. As can be 
seen from the results (eg figure 21.23), fatigue damage occurs in a localised manner, causing 
potholes. The damage at these highly loaded locations dominate the life and is related to the peak, 
radier dian the average dynamic loads.

Fig. 21.27 Rues in the surface of a motorway (Courtesy of SF Brown).

M otorways, 
Trunk roads

Principal
Roads

Other Roads Total

English Counties 300 39 299 638
London Boroughs 21 10 41 72

Metropolitan Districts 12 11 74 96

W elsh Counties 30 7 30 68
Shire Counties, etc 331 46 330 707

Total 694 113 775 £15Slm

Table 21.2 Estimated cost of structural maintenance of roads in England and Woles, in 1995/96. from [37], Units are 
millions of pounds sterling (£m).

The eventual average annual reduction in structural maintenance costs (in ‘net present value' tenus1), 
available through converting the entire vehicle fleet to road friendly suspensions, can be estimated by

1 The average level of cost reduction would theoretically not be reached until all roads had been reconstructed and were 
only trafficked by road-friendly suspensions, throughout their service lives. In practice, the benefits would build up to 
this level over a period of about 20-30 years. By this time, inflation will have increased the cost of structural 
maintenance by the same amount as the indexing required to convert it into 'net present value’ terms. These two 
factors will therefore cancel out.
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multiplying the reduction in road damage by the cost of structural maintenance. The last column of 
Table 21.3 shows the estimated benefits for the three different calculations of road damage. Since 
most of the £807m road maintenance attributed to lorries in England and Wales is spent on 
motorways (motorways and trunk routes) which are not very susceptible to dynamic loads, it can be 
seen from the last column of Table 21.3, that 'road friendly’ suspensions are likely to be much less 
beneficial than previously assumed by the authors of the European regulations. For L2=3.5, the 
available benefit is estimated to be £63m. This corresponds to a saving of approximately 4% of the 
annual expenditure on structural maintenance in England and Wales, compared to 14% savings 
predicted by the road stress factor calculation. Almost all of this expenditure would be on the 
maintenance of principal roads, with virtually no financial benefit for motorways and trunk roads. At 
this level of financial benefit it seems doubtful whether the cost of enforcing the regulations justifies 
the marginal benefits of reduced pavement maintenance expenditure.

Fig. 21.28 Potholes on a beavily-iralïicked minor road.

21.6 CONCLUSIONS

(i) The 'Spatial Distribution Number' (SDN), defined as the standard deviation of the SRI 
probability distribution, was identified as a suitable parameter for characterising the statistics 
of spatial repeatability exhibited by a vehicle fleet. Analysis of data from a previous study 
showed that a typical heavy vehicle fleet was found to have an SDN of 0.287.
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(ii) A method was developed for modelling the patterns of loading exhibited by vehicle fleets 
with differing repeatability levels using a Finite number of aggregate tyre force histories. A 
convergence study indicated that at least three aggregate force histories are required.

(iii) A number of simulations were performed to investigate the effects of spatial repeatability on 
long-term  flexible pavement performance. For thinner pavements, the failure mode was 
found to be dependent on the exponent in the subgrade rutting model. For a low power 
(Lq = l) the mode of failure was predicted to be fatigue, whereas for a high power (Lq = 3.5) 
the mode of failure was predicted to be rutting.

(iv) Spatial repeatability was found to be more important for thinner pavements that fail by 
fatigue. There was found to be approximately a 350% difference between the predicted 
damage calculated assuming no repeatability (SDN  = » )  and perfect repeatability {SDN  =  0). 
For the measured vehicle fleet {SDN = 0 .287) the predicted damage was approximately 
150% higher than that calculated assuming no repeatability {SDN  = 0 ).

(v) For pavements that fail by rutting, the difference between the predicted damage calculated 
assuming no repeatability {SDN  = « )  and perfect repeatability (SDN  = 0) was between 20% 
(m otorway) and 100% (minor road). For the measured vehicle fleet {SDN = 0 .287) the 
predicted damage was between 20% (motorway) and 60% (minor road) higher than that 
calculated assuming no repeatability {SDN  = 0).

(vi) Changing from a fleet of steel sprung vehicles to a fleet of air sprung vehicles is estimated to 
increase the life of thick asphaltic constructions, that fail by rutting, by less than 3%. The 
sam e change is estimated to increase the life o f minor roads by between 40% and 90%, 
depending on the sensitivity of the deformation o f the lower pavement layers to strain level.

(vii) The dynamic road stress factor approach used in European regulations considerably 
overestim ates the potential benefits of 'road friendly' suspensions on thick constructions 
(motorways) and underestimates the potential benefits on thin constructions (minor roads) 
that fail by fatigue.

(viii) The reduction in road maintenance costs in England and Wales, due to introduction of road- 
friendly suspensions, is estimated to be between £63m and £101 m per year (in 1995/96). 
This compares to £ 2 15m calculated with the method used to develop the European 'road- 
friendly suspension1 regulations.

Although the whole life pavement performance model used in this study is based on the best available 
m aterial degradation models in the civil engineering literature, the overall model has not yet been 
validated. (This work is currently in progress.) Nevertheless, the general trends exhibited by the 
model agree well with qualitative field observations of road failure modes in the UK and other 
temperate climates. The simulation results presented in this study are not strongly sensitive to any 
unvalidated assumptions made in the analysis.
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Road dam age analysis M o to rw a y  
(M o to rw a ys , 
Trunk roads) 

£694m

M inor road  
( P rincipa l 

roads)

£113m

E stim a ted  an n u a l ’  
m ain tenance  cost savin .  

E ng land  a n d  Wales *’

Assumed by European regulations 
152]

24%
£167m

42% 
£47.5 m £215m

\VLPPM(£j =3.5) 2.8 % 
£19.4m

38.6% 
£43.6m £63m

W LPPM (Lz=l) 0 *
£0m

90 n a, 
£101m £101m

Table 21.3 Summary of the estimated potential benefits of 'road friendly' suspensions on road maintenance costs 
England and Wales in 1995/96. 'П
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THE RESPONSE OF HIGHWAY BRIDGES
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22.1 SUMMARY

The effects of heavy vehicles with leaf-spring and air-spring suspensions on the dynamic response of 
short-span highway bridges are considered. The vehicle models consist of a leaf-sprung, four-axle 
articulated vehicle, and a similar vehicle fitted with air suspensions and hydraulic dampers. These 
two vehicle models are combined with three different bridge models to predict dynamic bridge 
responses, using the method described in Chapter 12. Two surface roughness profiles are used on 
each bridge: a step-up at the entrance, and a pseudo random profile. Dynamic response increments 
are used to compare the effects of the two vehicles on the bridges. The air suspended vehicle is 
found to cause significantly lower dynamic bridge responses than the leaf-spring suspended vehicle.

This chapter is based on work previously published in [207].

22.2 INTRODUCTION

The importance of vehicle-induced bridge vibrations has long been recognised by engineers. For 
nearly 60 years, bridges have been designed to account for dynamic loads by increasing the design 
live loads by an empirical 'impact factor' or 'dynamic load allowance' [14]. However, the influence 
of heavy vehicle design on the dynamic response of bridges has largely been overlooked.

Three factors are repeatedly cited in the literature as the main vehicle influences on bridge vibrations:

(i) vehicle speed,

(ii) matching of bridge and vehicle natural frequencies,

(iii) roughness of the bridge surface and approaches which excites the vehicle and causes large 
dynamic loads to be applied to the bridge.

A good example is the report on the OECD DIVINE Bridge project by Cantieni and Heywood (85). 
The authors measured the effects of road vehicles with air and steel suspensions on short to medium 
span bridges in Switzerland and Australia. They found that the suspension which excited the most 
vibration of a bridge was generally the one which had a vehicle body bounce frequency closest to the 
first bending mode of the bridge. A steel suspension caused greatest vibration of a Swiss bridge 
with a natural frequency of 3.0Hz; whereas an air suspension caused greatest vibration of a different 
Swiss bridge with a frequency of 1.6Hz. Their research in Australia showed that when the wheel- 
hop modes of an air-suspended vehicle were excited by the bridge surface profile, large dynamic 
responses could be generated in short-span bridges.

Ideally, vehicles would be designed so that their natural frequencies do not coincide with bridge 
natural frequencies. In practice, most heavy vehicles apply their largest dynamic loads in the 1.5- 
4.5Hz frequency range (see Chapter 7), while the first natural frequencies of bridges generally vary 
from 1 Hz to as high as 15 Hz [61, 83]. Since vehicle frequencies normally occupy a relatively
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narrow frequency band, one possible design solution is to build bridges that avoid the 1-5 Hz 
frequency range. Bridge design based on this concept has been implemented in the Ontario Highway 
Bridge Design Code (OHBDC) [17] as well as the Swiss design code [84]. In both design codes, 
the static design loads are increased by a 'dynamic load allowance' that varies with the first natural 
frequency of the bridge (see Figure 22.1).

The dynamic load allowance (DLA) is defined implicitly as follows:

Dynamic design load = (1 + DLA) x Static design load (22.1)

and is largest for bridge frequencies between 2 and 5Hz. Therefore, a penalty is imposed on 
designers if the natural frequency of their bridge coincides with the range of heavy vehicle 
frequencies.

Fig. 22.1 Dynamic Load Allowances: (a) OHBDC 1983 [17], (b) Swiss 1987 - Single vehicle load, [84] (c) Swiss 
1987 - Lane load. From [207].

The most obvious way to reduce bridge response is to moderate the effects of surface roughness. 
Good maintenance of bridge approaches and surface helps to avoid excessively large dynamic wheel 
loads. A second possibility is to encourage the use of soft, well damped suspensions which apply 
smaller dynamic wheel loads regardless of the surface roughness. Tests on bridges in the UK 
showed that vehicles with air suspensions apply smaller dynamic loads to bridges than do similar 
vehicles with leaf-spring suspensions [210].

This chapter investigates the dynamic effects of vehicle suspension design parameters and surface 
roughness on the response of bridges. Specifically, leaf-spring and air-spring suspensions are 
compared by calculating the dynamic displacements of three bridges, using the methods described in 
Chapter 12,

22.3 PARAMETRIC STUDY OF DYNAMIC BRIDGE DISPLACEM ENTS

223.1 Vehicle Models

In order to assess the effects of vehicle suspension design on bridge vibrations, the articulated 
vehicle model described in Chapter 6.4 was modified to represent a typical vehicle with air 
suspensions. The leaf-spring elements on the drive axle and the two trailer axles were replaced by 
models of air springs with parallel viscous dampers, The suspension on the steer axle was the same
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for both vehicle models. The air suspensions were assumed to be the popular trailing-arm type 
(Figure 2.1 g) and were modelled with the following adiabatic deflection equation:

-Y
(22.2)

where
Fair is the force in the spring,
Fstat is the static suspension force,
A is the cross-sectional area of the spring (0.045 m2),
Vo is the static volume of the spring (0.020 m3), 
y is the ratio of specific heats ( 1.38 for air), 

and x is the deflection of the spring.

The suspension trailing arm lever ratio was 0.4 and the air-springs in the tandem trailer suspension 
were assumed to be dynamically independent. Each vehicle model was two-dimensional, and did not 
simulate roll motions. This is a reasonable approximation for predicting wheel loads for typical 
highway conditions (see Chapter 7.4 and [113, 121]). Table 22.1 presents the natural frequencies 
and damping ratios of the low frequency modes of linearised versions of the vehicle models.

Vehicle Configuration Frequency
[Hzl

Damping 
Ratio [-]

Description of Mode 
Shape

2.3 0.06 tractor bounce
Leaf Spring suspension 2.9 0.08 tractor pitch

3.2 0.04 trailer pitch
1.5 0.15 tractor + trailer bounce

Air Spring suspension 1.7 0.16 trailer pitch
2.4 0.10 tractor pitch

Table 22.1 Natural frequencies and damping ratios of the linearised vehicle models (low frequency modes).

The vehicle model was validated with a programme of experimental measurements performed with an 
instrumented vehicle on the TRL test track. The simulated and measured tyre force spectral densities 
for the tractor drive axle and leading trailer axle can be found in [207]. Good agreement was 
obtained up to 20Hz.

22.3.2 Bridge Models

To make the analysis as general as possible, the parametric study considered three real bridges which 
cover a range of frequencies representative of many short-span bridges. The first bridge was the 
Lower Earley bridge which was described in Chapter 12 (figure 12.9).

The second was a pre-stressed concrete box girder bridge over the M4 motorway located on Drift 
Road in Berkshire, UK. The 4-span superstructure is continuous over three supporting columns and 
symmetric about its middle column. The two central spans are 22m long, and the two outer spans 
are 12.5m long. The bridge is relatively stiff, with its first bending frequency at 6.8 Hz. A bridge 
model validation study (similar to that described in Chapter 12) was undertaken - see [204] for 
details. The model was found accurately to predict dynamic bridge response to the measured vehicle 
louds.

The third bridge was the simply-supported 'Pirton Lane* bridge tested by the TRRL in the 1970s 
[174, 301, 496]. They reported the bridge length as 40 metres, and the first natural frequency as 
3.2Hz with a modal damping ratio of 0.02. The mass per unit length was estimated from drawings 
in their papers as 12000 kg/m. The three lowest vibration modes were used in the analysis.
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The vehicle and bridge models were combined using the convolution method described in 
Chapter 12. The vehicles were assumed to apply dynamic loads along the centre-line of the bridges. 
Dynamic displacement responses were calculated at the mid-span and quarter span of each bridge, 
Only the flexural modes (no torsion) were included in the computations for the Drift Road bridge 
[204J, and only the mode shapes along the centre-line wheel path were included in the Lower Earley 
bridge model 1204]. Table 22.2 shows the modal parameters for all three bridge models.

Bridge Mod
e

Natural
Frequency [Hz]

Damping 
Ratio [-]

Pirton Lane 1 3.2 0.020
2 12.7 0.020
3 28.6 0.020

Lower Earley 1 5.7 0.045
2 6.9 0.088
4 9.7 0.026
5 11.3 0.014
7 18.0 0.038
8 24.4 0.019

Drift Road 1 6.8 0.019
2 8.6 0.021
3 18.0 0.034

Table 22.2 Modal parameters of the three bridges.

22.3.3 Bridge Surface Profiles

Two different bridge surface profiles were considered. For most of the results in this study, the 
surface profile was assumed to be smooth except for a 20mm step up at the entrance to each bridge. 
This step modelled differential settling of the abutments, or poorly maintained expansion joints. 
(Honda and Kobori [240] measured the surface profiles of the expansion joints of approximately 400 
bridges in Japan, and found that three quarters of the bridges had a maximum abutment differential 
between 10 and 25mm.)

For some trials in this study, a pseudo-random surface profile was used. Honda, Kajikawa, and 
Kobori [239, 240] measured the roughness of several hundred bridges in Japan and calculated 
spectral densities. They found that most bridges had medium to good surface profiles that could be 
classified by the same general standards as used for roads. As a consequence, the roughness 
spectrum used in this study was a 'good' road surface according to the two index spectral description 
proposed for the draft ISO standard [12], see figure 3.1. The pseudo-random profile was generated 
from the roughness spectrum using the inverse DFT method described in Chapter 3. The maximum 
roughness amplitude in the resulting profile was approximately 10mm.

22.3.4 Speed

Six different vehicle speeds were chosen for this study: 10, 15,20, 25, 30, and 40m/s. Speeds of 
20 to 30m/s are typical of motorways. Although 40m/s is faster than the legal maximum in most 
countries, it provides information on the dynamic effects at higher speeds.
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22.3.5 Bridge Responses

Bridge responses were calculated for most com binations o f the param eters outlined above. All three 
bridge m odels w ere com bined with both vehicles a t all six speeds for the 20m m  step, w hile for the 
pseudo random  roughness profile, only speeds o f 15m /s and 40m /s w ere considered.

Figure 22.2 to Figure 22.5 show  som e typical bridge responses. T he horizontal axis on all the 
plots is the position o f the steer axle o f the vehicle, w ith the entrance to the bridge defined as position 
zero. The solid curves show  the response o f the b ridge to the leaf-sprung vehicle w hile the dashed 
curves show the response to the air suspended vehicle.

Fig. 22.2 Drift Road bridge - Mid-span displacements. Speed & 30 m/s. 20mm step at bridge entrance. From 
[207J. -----------* Leaf-sprung vehicle;------------ -- Air-sprung vehicle

(207). ----------- 3 Leaf-sprung vehicle;----------- « Air-sprung vehicle

Fig. 22.4 Pirton Lane bridge - Mid-span displacements. Speed « 30 mis. 20mm step at bridge eJttrance From 
(207). -----------* Leaf-sprung vehicle;------------ * Air-sprung vehicle
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Fig. 22.5 Pirton Lane bridge - Mid-span displacements. Speed = 40 m/s. Pseudo random surface profile. From 
[207]. -------------= Leaf-sprung veh ic le ;-------------- = Air-sprung vehicle

For the Drift Road bridge (figure 22.2) and the Lower Earley bridge (figure 22.3) the dynamic 
responses are relatively small whereas for the Pirton Lane bridge (figure 22.4 and 22.5) the response 
is quite large for the leaf-sprung vehicle. Larger responses are expected on the Pirton Lane bridge 
because its first natural frequency (3.2 Hz) is closest to the natural frequencies of the leaf-sprung 
vehicle [61, 84]. Smaller responses are expected on the Drift Road bridge because its first natural 
frequency is significantly higher than the bounce frequencies of the vehicles, and the highest dynamic 
wheel loads due to the step input are applied to the first (short) span and not to either of the longer 
central spans.

The accuracy of these theoretical results may be confirmed by comparing the amplitude of the 
dynamic responses in figures 12.20 and 22.3. Although the vehicles are slightly different, the 
amplitude of the dynamic response is approximately equal to 0.2 mm for both cases. It may be 
concluded that the theoretical dynamic bridge responses in figure 22.3 are of reasonable magnitude.

All of the figures show that the air-sprung vehicle causes the least dynamic bridge response. The 
reasons for this are threefold. Firstly, the air-sprung vehicle has lower natural frequencies than the 
leaf-sprung vehicle (see Table 22.1). Therefore, the air-sprung vehicle does not excite the Pirton 
Lane bridge as much because the bridge and vehicle frequencies do not coincide (Table 22.2). 
Secondly, the air-sprung vehicle applies smaller dynamic loads to the bridge. This is typical of air 
suspensions (Chapter 7) . Thirdly, the air suspensions were better damped than the leaf-spring 
suspensions and the vehicle dampers absorbed energy from the bridge vibration.

Figure 22.5 shows a typical response of the Pirton Lane bridge calculated with the pseudo random 
roughness surface profile. In general, the main effect of this different surface profile is to distribute 
more evenly the dynamic response throughout the passage of the vehicle, thus causing slightly larger 
dynamic bridge responses than observed for the step profile. This effect was particularly evident on 
the Drift Road bridge [204], In all the cases examined with the pseudo random profile, the dynamic 
responses of the bridges were lower for the air-sprung vehicle than for the leaf-sprung vehicle [204].

22.3.6 Dynamic Response Increments

To quantify the comparison between the two different suspensions, maximum dynamic response 
increments were calculated according to equation 9.1.

/>/ = 2!masJL2kf (9.1)

where D is the maximum dynamic response increment,
yst is the maximum bridge response to the static wheel loads, 

and y max is the maximum dynamic response of the bridge.

The maximum bridge displacement response increment for each parameter combination with the step 
surface profile was computed and the results are shown in Figure 22.6 . Two major features should 
be noticed:
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a) Drift Road bridge

Speed (m/s) 
b) Lower Earley bridge

I  0 . 5 0 1  

§  0.40- 
!  0.30-
5  0 .20- 

i  0.10- 
d  0.00-

■ JIJ I
10 15 20 25 30 35 40

Speed (m/s)

c) Pirton Lane bridge

^  Air-sprung vehicle Ц  Leaf-sprung vehicle

Fig. 22.6 Maximum dynamic displacement increments. 20mm step at bridge entrance. From (207]. 

Suspensions

The simulated bridge responses to the air suspended vehicle are significantly less than for the steel 
suspensions in all cases. The maximum dynamic response increments for the air suspension are less 
than 10% while those for the steel suspension are as high as 40%. This effect is the result of two 
factors: (i) the air suspension applies lower dynamic wheel loads to the bridges, and (it) it also has 
more viscous damping.

Speed

The relationship between maximum dynamic response increment and speed is unclear. For the leaf- 
sprung vehicle, the critical speed appears to be 30 m/s for the Drift Road bridge, but closer to
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20 m/s for the other two bridges. The responses to the air suspended vehicle show a less 
pronounced dependence on speed.

22.4 DISCUSSION

22.4.1 Numerical Accuracy

The mathematical modelling techniques used for this parametric study have been shown to be 
accurate when compared to measurements. For example, figure 12.20 shows discrepancies of the 
order of 0.02 mm between measured and predicted displacement response of the Lower Earley 
bridge. Similar agreement was obtained for the model of the Drift Road bridge [204]. Furthermore, 
the tolerance used in equation 12.24 (to ensure mathematical convergence of the bridge 
displacements) was 2% of the maximum responses. For the Lower Earley bridge with 
yst = 1.2 mm, this tolerance is equivalent to ±0.02 mm. By contrast, the air suspended vehicle 
causes a reduction in the dynamic response of the Lower Earley bridge of up to 0.20 mm. This 
reduction is approximately ten times larger than the expected error of the calculation method 
presented in Chapter 12. Therefore, the differences between the results for the two different 
suspensions types cannot be explained by errors in modelling.

22.4.2 Limitations

The results presented in this chapter apply to bridges with first natural frequencies in the 3 to 10 Hz 
range. For bridges with natural frequencies lower than 3 Hz, it is expected that the beneficial aspects 
of air suspensions will be reduced because of matching between the natural frequency of these 
bridges and the bounce mode of vibration of the vehicle. Nevertheless, the dynamic response should 
still be lower than for a leaf-sprung vehicle because of the softer, more heavily damped suspension. 
Another area of concern is the dynamic interaction between air suspensions and bridges with 
relatively high natural frequencies (eg 10-15 Hz) because air suspensions apply larger dynamic 
wheel loads in the wheel-hop mode (typically 10-15 Hz). However, bridges with these higher 
natural frequencies tend to be quite short and relatively few in number, and thus are of minor 
importance when compared to the majority of highway bridges.

22.5 CONCLUSIONS

(i) The air-sprung vehicle generated significantly smaller theoretical dynamic responses than the 
leaf-sprung vehicle on all three bridges. The largest dynamic responses were observed for 
the bridge with a 3.2 Hz natural frequency.

(ii) Air-sprung vehicles cause lower dynamic responses of bridges because they:

(a) have lower natural frequencies than most short-span highway bridges;

(b) apply smaller dynamic loads to the bridges;

(c) and are often more heavily damped than leaf-sprung vehicles.

(iii) Based on the theoretical analysis performed here, there is tentative evidence to suggest that 
air-sprung vehicles could be allowed to carry larger loads than vehicles with leaf-spring 
suspensions. Nevertheless, more theoretical and experimental work is required before this 
conclusion can be extended to apply to all bridges and heavy vehicles in general.
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23.1 INTRODUCTION

This part of the book investigates the potential for reducing road damage by optimising the design of 
heavy vehicle suspensions, without compromising other aspects of performance: safety, ride and 
attitude control.

23.1.J Design Trade-offs

There are a number of important trade-offs in the design of conventional truck suspensions. The 
most important suspension attribute concerned with safety is the static roll stiffness, which provides 
resistance to roll-over. The need for a high roll stiffness conflicts directly with ’road-friendliness*. 
The best way to reduce dynamic tyre forces is to decrease vertical suspension stiffness ( 103], but this 
generally has the effect of degrading roll stiffness and hence reducing static roll-over performance. It 
also increases static suspension deflection, and therefore increases the sensitivity of ride height to 
static load, which is undesirable in a truck.

Large increases in roll-over stability can be obtained by using anti-roll bars. However, these add 
mass, and can degrade roll vibration performance and the response to a single-wheel input if they are 
very stiff. Use of independent suspensions de-couples the vertical and roll dynamics of the axle 
which can be used to reduce dynamic tyre forces moderately, without necessarily degrading roll-over 
performance. Using wide-single tyres, instead of dual pairs, offers the potential for wider spacing 
between spring centres, and enhanced roll stability. However, wide single tyres generate higher 
contact stresses and have been implicated in increased road damage (Chapter 17).

Computer-controlled active and semi-active suspensions offer opportunities to de-couple ride and 
roll performance, and hence to eliminate some of the suspension design trade-offs. They can also be 
designed to provide 'optimal' performance, and to tune themselves to the operating conditions.

23.1.2 Design Criteria

Time-averaged statistics, such as RMS body acceleration; RMS suspension deflection; and RMS 
dynamic tyre force are often used in automobile suspension design: as criteria for ride comfort, 
suspension stroke and road holding [103]. However in road damage analysis, aggregate tyre forces, 
or single-pass road damage calculations are the operative performance criteria (see Chapters 17 and 
19). Thus the vehicle motion (dynamic tyre forces) must be viewed in the stationary frame of 
reference of the road, rather than the moving frame of reference of the vehicle.

23.1.3 Options for Improvement

There are various ways in which suspensions may be improved. These range from improving the 
performance of passive leaf spring suspensions; to optimising the stiffness and damping of air spring 
suspensions; to use of computer-controlled active and semi-active suspension elements.
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23.2 PASSIVE SUSPENSIONS

A large proportion of semi-trailer suspensions in the UK are fitted with steel spring suspensions 
[336]. Such suspensions have been observed to have poor static load equalisation between axles 
[336, 443] and to generate higher dynamic tyre forces than air suspensions [337, 443]. Both of 
these factors are thought to increase the road damaging potential of steel suspended vehicles 
significantly, for particular conditions, as explained in previous chapters.

The first part of Chapter 24 is concerned with improving the performance of a conventional four- 
spring tandem trailer suspension, using low cost 'bolt-on' modifications. The second part of 
Chapter 24 investigates the advantages and disadvantages of using wide-single tyres on trucks. 
Simple mathematical models are used throughout, in order to reveal the most important factors.

The main objective of the work described in Chapter 25 is to establish guide-lines for the design of 
passive suspensions that cause minimum road damage. A procedure for calculating road-damage 
criteria efficiently is developed, and used to optimise the suspension parameters of a typical air- 
suspended vehicle.

23.3 ADV AN CED  SUSPENSIONS

There are three possible types of advanced suspensions that could be used on heavy goods vehicles 
[422]:

(i) active suspensions, in which the suspension spring and damper is replaced by a high 
performance hydraulic actuator with an associated hydraulic power supply;

(ii) slow active suspensions, in which a low bandwidth hydraulic actuator is used in series with a 
soft suspension spring;

(iii) semi-active suspensions, in which controllable dampers (which can only dissipate energy) 
are used instead of (or alongside) conventional hydraulic suspension dampers.

Of these, only semi-active suspensions are likely to be economically viable in the foreseeable future, 
and some research has been undertaken to examine their potential for reducing dynamic tyre forces 
and road damage [40, 53,54, 283,285, 286, 514].

In Chapter 26, the benefits of using relatively straightforward control strategies for semi-active 
dampers are investigated. This would builds on the research into force control of a semi-active 
damper, described in Chapter 4. More sophisticated control strategies, involving the feed-back of 
information from one axle station to another (eg 'preview' control) are also discussed briefly. 
Additional performance gains are found to be possible over the simpler strategies.
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24.1 SUMMARY

A test rig for measuring the quasi-static performance of tandem suspensions in the laboratory is 
described. Measurements on a standard tandem leaf-spring suspension show it to have high effective 
stiffness in bounce and poor static load equalisation. A method for eliminating the spring-end 
friction is investigated, and found to improve the performance significantly.

A two-dimensional articulated vehicle simulation is validated with measurements from a test vehicle. 
The simulation is then used to study the effect on dynamic tyre forces of three modifications to the 
trailer suspension: (i) softer springs; (ii) elimination of spring-end friction; and (iii) hydraulic 
dampers. The RMS dynamic loads generated by the trailer axles are predicted to decrease by 
approximately 31%, and the theoretical road damage to decrease by about 13%. The trailer 
suspension of the test vehicle is adapted to incorporate the three modifications, and the measured 
reductions in dynamic tyre forces are found to be about half those predicted by the simulation.

A theoretical study is then performed to assess the effects of tyre configuration on the dynamic tyre 
forces generated by heavy vehicles with wide single tyres or dual tyres. The rollover performance of 
vehicles with these tyres is also assessed and the trade-off between dynamic tyre forces and roll-over 
stability is investigated. Conclusions are drawn about the road-damaging and roll-over performance 
of wide single lyres compared with dual tyre configurations.

This chapter is based on work previously published in [123] and [126],

24.2 INTRODUCTION

This chapter is concerned with reducing the road-damaging potential of conventional heavy goods 
vehicles, while maintaining safety. It examines two important issues: (i) improving the 
performance of conventional leaf-spring suspensions; and (ii) the choice of dual tyres or wide single 
tyres. In both cases, the analysis concentrates on the performance of the suspensions and tyres of a 
typical UK tractor-se mi-trailer unit.

The work described in the first part of this chapter has the objective of investigating means for 
reducing the road damaging potential of typical steel sprung articulated vehicles. If suitable 
suspension modifications were available, it would be possible for vehicle operators to take advantage 
of future legislation that might be introduced concerning the 'road-friendliness’ of existing trailer 
suspensions. In order to be attractive to vehicle operators the suspension modifications would need 
to be cheap to fit and maintain, and low in weight.

Under straight-line, steady running conditions, (ie in the absences of turning, accelerating or 
braking forces), road damage caused by a heavy commercial vehicle can be attributed to two tyre 
factors: (i) the vertical forces applied to the road surface by each of the tyres (static and dynamic); 
and (ii) the contact conditions: contact area, pressure and pressure distribution, by which the vertical 
forces ore transmitted to the road 196] (see Chapter 17).
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The main tyre parameter influencing dynamic tyre forces is the overall vertical stiffness. Tyr< 
clamping is generally small and can be ignored in predictions of vehicle response to road roughness 
Wide single tyres have lower vertical stiffness than dual tyres, which generally results in Iowa 
dynamic tyre forces (see Section 7.5). However, they also generate considerably higher contaci 
pressures than dual tyres, and this has been implicated in increased road damage (see Chapter 17).

Tyre and suspension characteristics influence various aspects of heavy vehicle safety: braking 
handling (understeer, oversteer, jack-knifing, trailer swing); and roll-over [25]. Of primary concerr 
in this chapter is roll-over stability. This is influenced by the stiffness and lateral spacing of the 
tyres; the stiffness and the spacing of the suspension springs; and any auxiliary roll stiffness (i£ 
provided by an anti-roll bar). Wide single tyres have lower vertical stiffness, but a wider track 
Overall this tends to increase the roll stiffness of the suspension, compared with dual tyres, and tc 
improve roll-over performance. These issues are discussed in the second part of this chapter.

Section 24.3 describes the vehicle used for the leaf-spring-improvement study, and summarises the 
validation of a nonlinear computer simulation of the vehicle. Section 24.4 describes a test rig foi 
measuring the performance of tandem axle suspensions. The reasons for the poor performance ol 
the standard suspension are identified, and modifications to improve its performance are investigated 
In Section 24.5, the validated vehicle simulation is used to predict the reductions in dynamic tyr< 
forces and theoretical road damage achievable by modifying the trailer suspension. Th< 
modifications considered are: (i) half stiffness springs; (ii) low friction spring-ends; and (iii' 
hydraulic dampers. Finally, modification and testing of the vehicle are described, and üu 
performances of the modified vehicle and standard vehicle are compared in Section 24.6 
Section 24.7 compares the influence of dual tyres and wide single tyres on dynamic tyre forces, anc 
Section 24.8 investigates the trade-off between dynamic tyre forces and roll-over stability.

24.3 TEST VEHICLE AND SIM ULATION V A LID A TIO N

24.3,1 Vehicle Tests

The test vehicle was provided by the Transport Research Laboratory (TRL). It was an articulate 
tanker vehicle with four axles and laden to the maximum allowable gross mass (for this class o 
vehicle) of 32.5 tonnes. It was similar to that used in the study to validate an articulated vehich 
simulation, (described in Section 6.4), but the semi-trailer had a tank body rather than flat-bed style 
The suspensions of the flat-bed trailer and the tanker were of identical design.

The tractor had two axles, both fitted with multi-leaf springs, hydraulic dampers and anti-roll bars 
The trailer was fitted with a wide-spread 'four-spring' tandem axle group with mono-leaf springs m  
a load equalising mechanism. Dual radial-ply tyres were fitted to all axles except the steering axle 
which had single tyres. The vehicle was instrumented by TRL to measure dynamic tyre forces, b; 
means of strain gauges bonded to each axle, and accelerometers to compensate for inertia effects.

The vehicle was tested on a straight section of the TRL test track at five speeds: 9, 13,18,22,27m/ 
(20, 30, 40, 50, 60mph). The roughness profiles of the nearside and offside wheel tracks wer< 
measured by TRL using their high-speed profilometer. The test section corresponds approximate^ 
to the ’good' classification proposed by the ISO [12], which can be likened to a poor motorway o 
average principal road. See figure 3.1 and Section 6.4.1 for further details of the profiles.

24.32 Vehicle Simulation

The vehicle simulation model was very similar to that described in the second case study ii 
Chapter 6, with changes to the parameters of the trailer sprung mass so that they represented tfr 
tanker instead of the flat-bed trailer, and some small modifications to the trailer leaf sprin; 
parameters. The parameter values can be found in [123].
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The simulated tyre forces were calculated in the time domain using the measured profile of the test 
section as the input. Figure 24.1 shows the measured and simulated spectral densities of the offside 
tyre forces on the tractor drive axle and first trailer axle at a speed of 22m/s. Comparisons at other 
speeds and other axles show similar agreement. The agreement is similar to that seen in Chapter 6.

(a) (b)

Fig. 24.1 Spectral densities of measured and simulated offside tyre forces, vehicle speed 22m/s. 
(a) tractor drive axle; (b) first trailer axle

24.4 TANDEM SUSPENSION MEASUREMENTS

24.4.1 Test Rig

A hydraulic test facility for testing tandem suspensions at low velocities was built for this study; a 
schematic view is shown in figure 24.2. A tandem suspension assembly was provided by TRL, 
consisting of two leaf springs, radius rods, an equalising beam, and all the correct mounting 
brackets. Two hydraulic cylinders were used to apply forces to 'dummy' axles. The applied forces 
were measured by strain gauged force transducers, and the axle displacements were measured by 
linear resistive displacement transducers. The radius rods of the suspension were strain gauged to 
measure axial force. The maximum actuator velocity was O.OSm/s, which is low compared to typical 
suspension working velocities (up to lm/s). However, previous work has shown that for leaf spring 
suspensions, the main factors influencing the performance are stiffness and dry friction, which are 
not strongly dependent on velocity amplitude (see Chapter 4).

24.4.2 Standard Suspension 

In-Phase Displacement

Figure 24.3a shows the forces generated at each axle as the displacements of the axles are varied 
sinusoidally in phase. Both force4leflection curves show hysteresis, resulting from friction at the 
slipper ends of the springs. This hysteresis characteristic is typical of many leaf spring suspensions 
(see Chapter 4). For large deflections the effective stiffness of the suspension is equal to the slope of 
the upper and lower parts of the loop BC and DA, approximately 2MN/m. For small spring 
deflections the effective stiffness approaches the slope of the sides of the loop AB and CD, 
approximately 12MN/m.
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u k  1 (leading) axle 2 (trailing)

Fig. 24.2 Test rig for measuring the quasi-static performance of tandem leaf-spring suspensions. From [123].

(a) (b)

R* 24.3 Force against axle 1 displacement, measured on the standard suspension. From [123].
(a) Displacements in phase, (b) Displacements antiphase.

The measurements from the test vehicle (Section 24.3) indicated that the dominant frequency o 
dynamic tyre forces was about 3Hz. This frequency is in the range of the sprung mass vibratioi 
modes, when the displacements of the tandem trailer axles relative to the body will be of simila 
amplitude and in phase with each other. The spring deflection was not measured during the vehicle 
tests, but the validated vehicle simulation predicted that at a speed of 22m/s on the test lane thi 
standard deviation of the spring deflection was approximately 3mm. This level of deflection mean 
that the springs are operating largely on the steep parts of the hysteresis curves, and therefore th 
effective stiffnesses are considerably higher than the large deflection stiffnesses. This high effectiv 
stiffness is a major factor in the generation of high dynamic tyre forces by the trailer axles.
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Antiphase Displacement

Figure 24.3b shows the forces resulting from the two axles being displaced in antiphase ( 180‘ out- 
of-phase). Despite the presence of the equalising beam, the axle forces vary considerably 
throughout the cycle. The force amplitude at axle 2 is greater than at axle 1. This arises because of 
the forces generated in the radius rods. When the axles are displaced in antiphase, the kinematic 
constraint provided by the radius rods causes significant sliding at the slipper ends of the springs. 
The friction forces generated at these sliding contacts are reacted by the radius rods. As axle 1 is 
displaced upwards (A1 B1 Cl), radius rod 1 goes into tension. The vertical component of this force 
acts to decrease the net vertical force at axle 1. As axle 2 is displaced upwards (C2 D2 A2), radius 
rod 2 goes into compression. The vertical component of this force acts to increase the vertical force 
at axle 2. See also Section 6.4.2.

24.4.3 Modified Suspension
From the results presented above, it can be seen that friction between the spring-ends and the chassis 
is the cause of two undesirable characteristics of the suspension: (i) high vertical stiffness for small 
displacements (figure 24.3a), and (ii) poor load equalisation (figure 24.3b).

The use of PTFE inserts in the spring contacts to improve these characteristics was investigated by 
TRL [425], PTFE inserts were also tried on the test rig, but although they improved the 
characteristics of the suspension significantly, they were not thought to be suitable for long-term use. 
After only a few cycles of testing, the PTFE showed signs of excessive wear and permanent 
deformation.

An alternative modification was investigated. Rectangular rubber blocks (120mm x 50mm x 30mm 
thick), bonded to steel plates, were fitted between the spring-ends and the chassis. The rubber 
blocks accommodate spring-end movement by shearing elastically. The advantage of using rubber 
instead of PTFE to reduce forces at the spring-ends is that there is no sliding contact and therefore no 
wear.

Figure 24.4 shows test rig results for the standard suspension fitted with rubber blocks between the 
spring-ends and the chassis. Figure 24.4a shows that the hysteresis for in-phase displacement is 
nearly eliminated. The compressive flexibility of the blocks means that the static deflection of the 
suspension is 30mm, compared to 20mm for the standard suspension, for the same static load. Once 
loaded to the static force the small deflection stiffness of the suspension is 1.9MN/m. Figure 24.4b 
shows the axle force response to antiphase axle displacements. The axle force amplitudes are about 
one third of those for the standard suspension (figure 24.3b). Equalisation is still not perfect because 
of the stiffness of the rubber blocks and of the rubber bush in the equalising beam pivot.

24.5 SUSPENSION PARAMETER STUDY

24.5.1 Suspension Modifications

A simple two degree-of-freedom (DOF) quarter car model, shown in figure 24.5, was used to 
investigate the influence of suspension stiffness and damping on dynamic tyre forces. The parameter 
values represented one wheel station of the laden trailer. The model neglects several important 
features of the trailer suspension: (i) nonlinearity, particularly due to friction; (ii) interaction between 
the trailer axles; (iii) roll and pitch motions of the axles and sprung masses.

The dynamic load coefficient, DLC, (equation 5.6) was calculated for a white noise velocity input at 
the road surface, with spectral density of 13.8xl0"6m2/s. This input represents a vehicle speed of 
22m/s over a road of roughness similar to the test lane. The upper graph in figure 24.5 shows 
contours of DLC for a wide range of suspension damping and stiffness values. The lower graph 
shows an expanded view of the upper graph. The minimum DLC is 0.051, at point D,
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corresponding to a spring stiffness of 200kN/m and damping of 25kNs/m. The position of the 
optimum depends on the slope of the road displacement spectrum: a steeper slope results in a lower 
value of optimum stiffness.

AXLE I DISPLACEMENT/mm AXLE 1 DISPLACEMENT/ mm

(a) (b)

Fig. 24.4 Force against axle 1 displacement, measured on the suspension modified with rubber blocks. From [123]. 
(a) Displacements in phase; (b) Displacements antiphase.

Three modifications to the tandem suspension were investigated. These involved altering the 
stiffness and damping of the suspension. They are discussed in detail in the following sections.

Rubber Blocks

The measurements described in Section 24.4 showed that rubber blocks in the slipper ends of the 
springs almost eliminate the hysteresis caused by friction. This has the effect of reducing the small 
deflection stiffness of the spring from a maximum value of 12MN/m to approximately 2MN/m, the 
large deflection stiffness. Figure 24.5 indicates that the minimum DLC at a spring stiffness of 
12MN/m is 0.27 (point A), when the damping is 600kNs/m. The minimum DLC reduces to 0.11 
when the stiffness is 2MN/m (point B), with damping of 90kNs/m.

H alf Stiffness Spring

According to the quarter car model, a further reduction in DLC is possible if the large-deflection 
spring stiffness is reduced towards the optimum value indicated on figure 24.5 (point D). Halving 
the spring stiffness to lMN/m was thought to be a reasonable aim, which reduces the minimum DLC 
to 0.077 (point C). However, significantly reducing the large-deflection stiffness of the trailer 
springs is likely to introduce two problems: (i) excessive static deflection, and (ii) inadequate roll
over threshold.

Static Deflection: The static displacement of the body mass due to a vertical force of 30kN 
(a typical change in payload weight per wheel) is 30mm for the standard spring stiffness of 2MN/m. 
Halving the stiffness to lMN/m results in a static displacement of 45mm. This is thought not to be 
an excessive increase.

Roll-Over Threshold: A simple vehicle roll model was used to predict the influence of spring 
stiffness on roll-over threshold [25]. The model is shown in figure 24,6. It represents only the 
trailer suspension; the influence of the tractor on the roll-over threshold of the whole vehicle is 
neglected.
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Fig. 24.5 Contours of dynamic load coefficient (DLC) as a function of suspension stiffness and damping, [123].

The roll-over threshold is defined as the lateral acceleration needed to reduce the vertical force on one 
of the tyres to zero. Figure 24.7 shows the dependence of roll-over threshold on spring stiffness, 
sprung mass CG height, and spring 'lash'. (Spring lash is the clearance between the underside of 
the spring-end and the chassis mount, which becomes free-play as the spring force changes from 
compression to tension). For a typical CG height of 2.0m, reducing the spring stiffness from 
2MN/m to lMN/m reduces the roll-over threshold from 4.2m/s2 to 3.9m/s2. However, if the spring 
lash is reduced from 40mm to zero the threshold is restored to 4.2m/s2.

These simple models indicate that the large deflection spring stiffness can be reduced by half without 
significant detrimental effect on static roll-over threshold or static deflection, providing the spring 
lash is removed. However, detailed simulation and testing would be necessary to ensure safety 
under the full range of operating conditions.
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m=7200kg
mt=800kg
h=varied
hl*0.75m
h2=0.45m
ks=varied
kts«2MN/m
S=0.48m
T=0.92m

R f. 24.6 Static roll model of the nailer. From [123).

centre of

SPRING STIFFNESS /  MN/m

roll-over threshold (maximum lateral 
n u a  bejbt, and string lash. From[123).
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Hydraulic Dampers

The standard trailer suspension is not fitted with hydraulic dampers, but relies instead on friction at 
the spring ends to provide the damping action. Eliminating the friction by the use of rubber blocks 
means that an alternative source of damping must be provided. The use of hydraulic dampers can 
give the required damping without increasing the effective stiffness of the suspension.

Figure 24.5 indicates that for the standard spring stiffness, 2MN/m, a minimum DLC of 0.11 can be 
achieved when the damper coefficient is about 90kNs/m (point B). The corresponding damping 
coefficient for half spring stiffness is 45kNs/m (point C), where the DLC is 0.077.

The linearised damping coefficient of a typical truck suspension damper is approximately 12kNs/m. 
Therefore, to achieve the damping coefficient of 45kNs/m, required for minimum DLC, with rubber 
blocks and half-stiffness springs, approximately four dampers would be required on each end of the 
axle. In practice, it was thought that two dampers on the end of each axle would be a practical 
maximum, giving a damping coefficient of 24kNs/m, points E and F. The corresponding DLCs of 
the model are 0.15 for standard stiffness springs and 0.086 for half stiffness springs.

24.5.2 Road Damage Criterion
The validated two-dimensional simulation described in Section 24.3 was used to investigate the effect 
of the three modifications to the trailer suspension. In addition to calculating the dynamic load 
coefficients of each axle, the 95th percentile aggregate fourth power force (equation 17.5) was also 
calculated. This criterion is referred to as the road damage' throughout the rest of this chapter, and 
is calculated for the four axles of the whole vehicle and for the two trailer axles alone. Use of this 
criterion is based on the results presented in Chapter 19, which showed that: for comparing vehicles 
with similar arrangements of axles and tyres, the simple aggregate fourth power force calculation 
gives similar results to more realistic criteria, based on road response calculations.

24.5.3 Simulation Results
The three modifications (rubber blocks (R), half stiffness springs (H), and hydraulic dampers (D)) 
were applied to the trailer suspension of the validated simulation and evaluated in eight combinations, 
defined in Table 24.1. Tyre force histories were calculated for the same road profile input and 
vehicle speeds used in the validation study (Section 24.3). The vehicle was modelled in the fully 
laden condition only.

Vehicle Model Spring stiffness Rubber blocks Dampers
s standard
SR standard fitted
SD standard fitted

|SRD standard fitted fitted

H J half
HR half fitted
HD half fitted
HRD half fitted fitted

Table 24.1 Definition of vehicle models.

The effect of fitting rubber blocks without additional dampers (models SR and HR) is to increase the 
vibration response of the sprung mass modes significantly: this modification was therefore not 
investigated.
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Figure 24.8 shows tyre force spectral densities for the first trailer axle for four of the othei 
combinations. The effect of adding dampers to the standard suspension is shown in figure 24.8« 
(model SD). The response of the unsprung mass mode at about 15Hz is eliminated, and lh< 
response of the sprung mass modes (3Hz) is slightly reduced. The combined effect of rubber block; 
and dampers (model SRD) is shown in figure 24.8b. The unsprung mass mode response remain; 
low, but the sprung mass mode response is unchanged from the standard vehicle: this is because the 
viscous damping only just compensates for the loss of dry friction damping. Figure 24.8c shows the 
effect of half-stiffness springs (model H). The frequency and response of the sprung mass mode; 
are reduced, but the unsprung mass mode is unchanged. The addition of dampers and rubber block; 
to the half-stiffness springs (model HRD, figure 24.8d) causes the sprung mass mode response tc 
increase slightly and the unsprung mass mode response to decrease. Models H and HRD give 
similar reductions in DLCs and road damage, but modification HRD is preferable because static-load 
sharing performance is better, and the viscous damping is not amplitude dependent.

(a) dampers (SD) (b) rubber blocks and dampers (SRD)

(c) half stiffness springs (H) (d) half stiffness springs, rubber blocks, dampers (HRD)

Fig. 24.* Simulated spectral densities o f the first trailer axle tyre forces of four vehicle models, vehicle speed

22m/s. From [123).
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The effect of the HRD modification on the DLCs of each axle, and on the road damage of the trailer 
only, and of the whole vehicle are summarised in figure 24.9. The theoretical road damage values 
were averaged over the five speeds, and then the percentage changes from the corresponding values 
for the standard vehicle were calculated. The chart shows that the OLCs of the tractor axle are little 
affected by the modifications. The trailer axle DLCs are reduced on average by 31%, and the 
reduction in road damage by the trailer axles is 13%. The DLCs are calculated from only the 
dynamic force components, whereas the road damage calculation also includes the static force 
components, which are not changed by the suspension modifications. The percentage reduction in 
DLC is therefore greater than the percentage reduction in road damage The predicted reduction in 
road damage by the whole vehicle is 6.7%.

steer axle drive axle 1st trailer 2nd trailer trailer whole vehicle 
DLC DLC axle DLC axle DLC road road damage

damage

Fig. 24.9 Simulated change in tyre force criteria (averaged over five speeds), modified vehicle (HRD) compared to 
the standard vehicle (S). From [123].

24.6 TESTS ON THE MODIFIED VEHICLE

24.6.1 Suspension Modifications

The vehicle was modified to incorporate half stiffness springs, rubber blocks and dampers. A 
constraint on the modifications, imposed by TRL, was that their vehicle had to be returned to Its 
original condition. Consequently the modifications were designed to be bolted onto the trailer 
without welding or drilling the chassis or suspension components.

Half Stiffness Springs

Parabolic steel springs with approximately half the large-deflection stiffness of the standard springs 
were supplied by Tinsley Bridge Ltd. The reduced stiffness was accomplished by reducing the 
thickness of the spring and using stronger material and improved production techniques to 
accommodate the increased stresses.

Rubber Blocks

The rubber blocks were chosen from the Dunlop Metalastik range of rectangular mountings. The 
particular mounting chosen was the largest that would fit into the available space. The height o f  the 
mounting was sufficient to eliminate the lash between the spring end and chassis.
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The rubber blocks were supplied with two 5mm thick steel rectangular mounting plates bonded to the 
rubber. One of these plates was bolted to the end of the spring by three bolts, through holes drilled 
into each end of the spring. The second mounting plate did not have sufficient bending strength to 
support the point load at the contact with the chassis mounting. This mounting plate was replaced 
with a steel U section, bonded to the rubber with appropriate adhesive.

Hydraulic Dampers

Two dampers were fitted to each end of the trailer axles. The dampers were a standard Ford-Iveco 
part, and to the same specification as those described in Section 4.4. They were chosen because they 
had a relatively high damping coefficient (linearised value 12kNs/m), and had been shown to 
perform satisfactorily at 15Hz, the frequency range of the wheel hop modes.

The assembly of dampers and mounting brackets for one axle is shown in figure 24.10. The top 
mountings of the dampers were attached to the chassis via a cross-beam clamped between the chassis 
rails. The bottom mountings of the dampers were attached to the axle via longitudinal beams 
clamped to the underside of the axle tube by U-bolts. A necessary precaution was to provide some 
damping of axle pitch motion, which might be excited during vehicle braking. The two dampers on 
each side of the axle were therefore inclined towards each other in side view.

24.6.2 Vehicle Tests

The modified vehicle was tested under the same conditions as the standard vehicle. During the 
course of the testing the vehicle was subjected to moderate braking and cornering manoeuvres. The 
suspension modifications were thought not to have affected the stability and safety of the vehicle 
under these conditions. However, thorough testing would need to be performed to confirm this 
conclusion. At the end of the short test period inspection of the vehicle revealed no signs of failure 
of the new components. Long-term testing would be needed to confirm the durability of the 
modifications.

24.6.3 Analysis o f Test Results

The DLCs calculated from the measured tyre forces are shown in figure 24.11. Figures 24.1 la-b 
show that the DLCs of the tractor axle were little changed by the modifications to the trailer 
suspension, which is in agreement with the simulation (figure 24.9).
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SPEED /m /s 

(a) steer axle (b) drive axle

(c) first trailer axle (d) second trailer axle

Fig. 24.11 Measured DLCs for the standard and modified vehicles. From [123).

Figures 24.1 lc-d show that, except at the highest speed, the trailer axle DLCs are reduced 
throughout the speed range. Figure 24.12 compares measured tyre force spectral densities of the 
standard and modified vehicles. The graph shows that the reduction in trailer tyre force occurs in the 
range of the sprung mass modes. The change in the sprung mass mode response agrees quite well 
with the prediction shown in figure 24.8d. However, figure 24.8d also predicts a significant 
reduction in the unsprung mass mode response, which is not apparent in the measured response. 
The reason for this is not fully understood, but may be due to inadequate modelling of the high 
frequency behaviour of the dampers (Section 4.4).

Figure 24.13a shows the theoretical road damage by the trailer axles alone; and figure 24.13b shows 
the damage done by the whole vehicle. The modifications to the trailer suspension, despite 
significantly reducing the trailer axle DLCs, resulted in little overall reduction in damage by the whole 
vehicle.

Figure 24.14 summarises the measured effect of the modifications, and may be compared with figure
24.9 which shows the predicted changes. The measured reductions in trailer axle DLCs <15.5%l and 
road damage by the trailer (5.2%) are about half the predicted reductions. This is mainly because the 
simulation predicted a significant reduction in the trailer axle tyre forces at the wheel bop frequency 
which did not occur in practice.
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Fig. 24.12 Measured spectral density of first trailer axle offside tyre force, speed 22m/s. From [123].

(a) trailer axles only (b) whole vehicle

Fig. 24.13 Normalised road damage calculated from the measured tyre forces of the standard and modified vehicles.

From [123].
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Fig. 24.14 Measured change ia tyre force criteria (averaged over five speeds), modified vehicle compared to the 
standard vehicle. From [123].
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24.7 DYNAMIC TYRE FORCES DUE TO SINGLE AND DUAL TYRES

24.7.1 Model description

In this section, the quarter-truck model described in Section 24.5 (and shown in figure 24.15) is 
used to quantify the difference in dynamic tyre forces that can be expected due to use of wide single 
tyres instead of dual tyres.

The input to the model was a single-sided spectrum of road displacement defined by equation 3.2, 
with parameter values corresponding to an average motorway or good principal road ( n -  2.5, 
Sq = 5 0 x  10-8 ).

The tyre force spectrum was calculated over the frequency range 0.2 to 30Hz at intervals of 0.2Hz, 
for a vehicle speed of 22m/s (80km/hour). The RMS dynamic tyre force was calculated by 
integrating the spectral density over this frequency range and taking the square root. This in turn 
gave a value for the Dynamic Load Coefficient s (equation 5.6).

The main criterion used for assessing road damage was the 95th percentile, fourth-power weighted 
dynamic force J. Assuming that the dynamic tyre forces can be considered to have a Gaussian 
probability density function, Sweatman [443] noted that the 95th percentile fourth power force can be 
calculated from the DLC using:

J = (1 + 1.65s)4. (24.1)

Assuming further, that the magnitude of the dynamic force component is small compared to the static 
load, and using the binomial expansion J is approximately given by:

J * l  + 6.6s (24.2)

This can be calculated efficiently in the frequency domain.

24.7.2 Optimum Stiffness and Damping

Figure 24.15 shows a contour map of road damage J as a function of suspension stiffness k and 
damping c for the vehicle model with dual tyres and operating conditions described in the previous 
section. The minimum road damage is 1.73 times the static road damage, and occurs when the 
suspension stiffness k=74kN/m, and the damping c=20kNs/m. The optimum value of stiffness is 
very low compared to the values used in practice: a typical air spring provides a stiffness of 
400kN/m, and the large deflection stiffness of a monoleaf steel spring is typically 2MN/m. 
Conversely the optimum value of damping is higher than that usually provided on trucks. A typical 
mean damping coefficient provided by a truck damper is 10 kNs/m.

Figure 24.16 shows the corresponding graph for wide-single tyres. The tyre stiffness is 1.3MN/m 
and the unsprung mass is 350kg (compared to 2MN/m and 400kg for dual-tyres). The total mass 
remains fixed at 4000kg. The contour plot shows that the minimum damage is 12% lower than for 
the dual-tyre case, at 1.53 limes the static damage. The corresponding suspension stiffness is 
38kN/m and the damping is 15kNs/m. For stiffness and damping typical of an air suspension, wide 
single tyres reduce the damage criterion by 6%, from 2.10 to 1.96.

The damping rate needed to achieve minimum damage is about 25% lower for wide single tyres than 
for dual tyres. This is largely due to the lower unsprung mass. This lower damping requirement is a 
significant fringe benefit of wide single tyres. It can result in smaller, lighter dampers, and improves 
the ability of suspension designers to provide near optimum performance with practical suspension 
components.
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Fig. 24.15 Road damage J as a function of suspension damping and stiffness of the bounce model with dual tyres, 
vehicle speed 22m/s. From [126].

Fig. 24.16 Road damage J as a function of suspension damping and stiffness of the bounce model with wide-single 
tyres, vehicle speed 22m/s. From [126].

24.8 INFLUENCE OF TYRES ON ROLL-PLANE PE R FO R M A N C E

24.8.1 Model description

The relationships between road damage and roll-over performance for vehicles with dual and wide- 
single tyres were investigated using the roll-plane model shown in figure 24.17. The model has six 
degrees of freedom, with parameter values chosen to represent one axle station of a typical laden 
truck. It is similar to the static roll-over model in figure 24.6, but contains additional parameters
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which are relevant to the bounce and roll dynamics. As with the bounce model, the roll-plane model 
must neglect some important effects. In particular, the pitch coupling between axle stations by the 
sprung mass and inter-axle load transfer mechanisms is ignored.

The sprung mass has three degrees of freedom: vertical, lateral, and roll. The unsprung mass has 
two degrees of freedom: vertical and roll. The sprung mass rolls relative to the unsprung mass at roll 
centre height hj, and the roll centre of the axle is at ground level. The suspension consists of a 
parallel spring and damper on each side of the axle, separated by distance 2S. Auxiliary roll stiffness 
kr is provided by a torsional spring (anti-roll bar). An independent suspension is simulated by 
setting the distance between the line of action of the suspension units to be equal to the tyre spacing 
(S=T), and setting the sprung mass roll centre height hi to 0.1m [501]. A rigid axle suspension is 
simulated by setting the distance between the line of action of the suspension units to 1.0m or 1.2m, 
depending on tyre configuration, and the sprung mass roll centre height hj to 0.6m [501].

;

m s =7200kg (dual-tyres)
7300kg (wide-single tyres)

Is =ms*0.781 kgm2 
mu =800kg (dual-tyres)

700kg (wide-single tyres)
Iu =muT2 (independent suspension) 

m (T-O.I)2 (rigid axle) 
k =varied 
c ^varied 
kr =varied
kt s2MN/m (dual-tyres)

1.5MN/m (under-inflated dual-tyres) 
1.3MN/m (wide-single tyres) 

kiat=676kN/m
ciat=(338/v)kNs/m (v=speed in m/s) 
h =2.0m
hi =0.1 m (independent suspension)

0.6m (rigid axle) 
h2 =0.5m
T =0.910m (dual-tyres)

0.970m (under-inflated dual-tyres)
1,023m (wide-single tyres)

S =T (independent suspension)
0.5m (dual-tyres, rigid axle)
0.6m (wide-single tyres, rigid axle)

Fig. 24.17 Roll-plane model with six degrees of freedom. From [126].

The lateral force generating properties of the tyre are an important part of the model, because they 
react the lateral inertia forces on the vehicle. Loeb et al [309] show that the properties can be 
described using a first order equation with time constant T|at. This characteristic is therefore 
represented by a spring and damper in series (k ^  and cjai), as shown in figure 24.17.



456 VEHICLE -  ROAD INTERACTION

The time constant Тц* is given in [309] as:

*lat ~ (24.3)

where: Ca  is the tyre cornering stiffness (typically 8.6N per unit normal force per radian of slip 
angle [176]),

F is the normal force,
v is the vehicle speed,
k(at is the lateral stiffness of tyre.

The time constant of the series spring and damper is

*lat ~ k lat

Equating expressions (24.3) and (24.4) gives an expression for c ^ :

(24.4)

(24.5)

Substituting for cut from (24.5) into (24.4) gives an expression for kiaf

k ipr -
Ca F

vT lat
(24.6)

TiaiV is known os the relaxation length L of the tyre, (approximately equal to the contact length of 
the tyre, 0.3m), hence

kl« = (24.7)

Three tyre configurations were considered. Dual-tyres were simulated with a stiffness kt=2MN/m 
and track T=0.910m. Wide-single tyres had a lower stiffness, kt=1.3MN/m, but because they are 
narrower than dual tyres, the track was wider, at T=1.023m. A major concern over the use of dual
tyres is the possibility that the inner tyre of the pair may run under-inflated (the pressure of the inner 
tyre is often difficult to check). Therefore the third configuration considered was dual-tyres with the 
inner tyre half-inflated. By assuming that the stiffness of the inner tyre is halved, the overall 
stiffness is calculated as kpl.SMN/m and the effective track as T=0.970m.

In order to calculate the tyre force response, the coherence of the road displacements in the two wheel 
paths must be specified. A suitable method is to treat the road surface as an isotropic random 
surface, as described in Chapter 3. The coherence function was calculated using the method devised 
by Heath [230].

Roll-over threshold was defined as the steady lateral acceleration needed to reduce the vertical force 
on one of the tyres to zero. Dynamic effects on roll-over stability were also not considered.

24.8.2 Roll-Over Stability

Figure 24.18 shows the conflict between road damage and roll-over threshold for a rigid axle 
suspension with three different tyre configurations.

There are six lines on the graph. The three solid lines correspond to the roll-over threshold being 
increased by stiffening the suspension springs (there is no anti-roll bar, kr = 0). The three dashed 
lines correspond to suspensions with stiffnesses set to the optimum values (as per figures 24.15 and 
24.16), and with roll-over thresholds being increased by means of anti-roll bars of stiffness kr. At 
every point the damping was chosen to minimise the road damage (the damping has no effect on the 
static roll-over threshold).
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The maximum possible roll-over threshold for dual-tyres is 4.7 m/s2, whereas, the maximum for 
wide-single tyres is 5.1 m/s2, an increase of 9%. This is because the track is the narrowest of the 
three configurations. The higher stiffness of the dual-tyres is not enough to compensate for the 
narrower track. The roll-over performance of the under-inflated dual-tyres lies between that of wide- 
single tyres and equally inflated dual-tyres. (The recommended minimum acceptable limit in Canada 
is 4 m/s2 [503], and a requirement for 3.5 m/s2 has been proposed for the USA [499J.)

Fig. 24.18 Minimum road damage J as a function of roll-over threshold, for a rigid axle suspension with three tyre 
types, with and without anti-roll bars. Vehicle speed is 22m/s. From [126].

24.8.3 Road Damage
Figure 24.18 shows that without anti-roll bars, the suspensions generate high road damage at any 
acceptable levels of roll-over threshold. The models with anti-roll bars (dashed lines) cause 
significantly less road damage, and it appears that there need be little compromise between roll-over 
threshold and road damage if a stiff anti-roll bar is employed.

In terms of both the road damage criterion and roll-over threshold, under-inflation of the inner tyre is 
not a concern. However, under-inflation may cause the load on the outer tyre to exceed the rated 
load, and cause excessive contact stress and rutting. In all cases, the vehicle with wide single tyres 
has the highest roll-over threshold, and its dynamic tyre forces cause lowest road damage.
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24.9 CONCLUSIONS

(i) A test rig for measuring the quasi-static performance of tandem suspensions in the laboratory 
was built» and measurements on a standard tandem steel suspension showed it to have high 
effective stiffness in bounce and poor load equalisation. Introducing rubber blocks into the 
sliding contacts significantly reduced the hysteresis in bounce and improved the load 
equalisation performance. Simple models of the trailer indicated that the spring stiffnesses 
could be halved without significant detrimental effect on static roll-over threshold or static 
deflection.

(ii) A validated two-dimensional articulated vehicle simulation was used to study the effect on 
dynamic tyre forces of the rubber block modification, and the effect of softer springs and 
additional hydraulic dampers on the trailer suspension. When rubber blocks were used to 
eliminate friction at the spring ends, additional viscous damping was found to be necessary to 
compensate for the loss of friction damping. However, it was estimated that the damping 
needed to minimise the DLCs would require an impractically large number of dampers if 
standard or half stiffness springs were used.

(iii) The effect of fitting rubber blocks, half-stiffness springs and two hydraulic dampers per axle 
side was predicted by the simulation. The trailer axle DLCs were predicted to reduce by 
approximately 31 %, and the road damage by the trailer axles to reduce by 13%.

(iv) The trailer suspension was successfully modified to incorporate these modifications. The 
modifications were entirely ’bolt-on’ and could be fitted to vehicles in service. Averaged 
over the five test speeds, the measured trailer axle DLCs were reduced by 15.5%, and the 
measured road damage by the trailer axles was reduced by 5.2%.

(v) Use of wide-single tyres, as opposed to dual tyres, leads to lower dynamic tyre forces and 
lower associated road damage (neglecting the effects of changes in content area and 
pressure). For an optimum suspension design, the reduction in road damage available is 
approximately 12%. For a typical air suspension, the reduction available is about 6%.

(vi) Approximately 25% less damping is needed to achieve minimum dynamic tyre forces for 
wide single tyres than for dual tyres.

(vii) Use of wide single tyres can be expected to increase the roll-over threshold of the vehicle by 
approximately 9%.

It is generally concluded that wide single tyres are likely to be beneficial in terms of roll-over 
performance, and fatigue damage to minor roads, caused by dynamic loads. Conversely, they are 
likely to be detrimental to rutting damage of principal roads. However, there is still some uncertainty 
about the relative importance of contact conditions, compared with dynamic tyre forces on road 
surface failure mechanisms.
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25.1 SUMMARY

An efficient procedure for calculating a realistic measure of road damage in the frequency domain is 
derived. Simple models of truck vibration are then used to examine the influence of suspension 
parameters on this road damage criterion and to select optimal values.

It is found that to minimise road damage a suspension should have stiffness about one fifth of current 
air suspensions and damping up to twice that typically provided. The use of an anti-roll bar allows a 
high roll-over threshold without increasing road damage. It is thought that optimisation in the pitch- 
plane should exclude correlation between the axles, to ensure that the optimised suspension 
parameters are robust to payload and speed changes.

A three-dimensional 'whole-vehicle' model of an air suspended articulated vehicle is validated against 
measured tyre force histories. Optimising the suspension stiffness and damping results in a 5.8% 
reduction in road damage by the whole vehicle (averaged over three speeds). This compares with a 
40% reduction if the dynamic components of the tyre forces are eliminated completely.

This chapter is based on work previously published in [125].

25.2 INTRODUCTION

The main objective of the work described in this chapter is to establish guidelines for the design of 
passive suspensions that cause minimum road damage.

Section 25.3 derives an efficient procedure for calculating the 95th percentile aggregate fourth power 
force for linearised vehicle models in the frequency domain. Sections 25.4-25.6 use three simple 
models of truck vibration to examine the influence of suspension parameters on road damage. 
Section 25.7 validates a three-dimensional 'whole-vehicle' model of an air suspended articulated 
vehicle and optimises the suspension parameters using the design guidelines from the simple models.

The criteria used for assessing dynamic tyre forces are the DLC, (eq. 5.6) and the 95th percentile 
aggregate fourth power force (eq. 17.5). The latter is called 'road damage' throughout

25.3 CALCULATION OF TYRE FORCES AND ROAD DAMAGE

In this section a procedure for calculating the road damage is outlined. All the calculations are 
performed in the frequency domain, which is very efficient for linear vehicle models.

25.3.1 Tyre Forces
The input to the models was a single-sided spectrum of road displacement Su(k) defined by 
equation 3.2. The frequency-domain vehicle simulation methods described in Section 5.4.2 were 
used to calculate tyre force spectral densities.
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25.3.2 Road Damage Criterion

The author [90] derived an equation for the spectral density of the aggregate (first power) dynamic 
tyre force. The following analysis extends this derivation to include (approximately) the weighting 
caused by using a fourth power (n = 4) in equation (17.5).

The spectral density of the aggregate fourth power force can be calculated from the direct and cross 
spectral densities of the individual tyre forces as follows. The aggregate fourth power force, defined 
in equation (17.5), can be written as a continuous function of time t:

A4(t) = F,(t)4 +F2(t + Tl2)4+...+F„(t + T,n)4. (25.1)

where Fn(t) is the force history of axle n and Tjn is the time delay between the first and n4h axles 
following the same wheel path. The tyre force history can be defined as a static component Fn plus 
a dynamic component with zero mean fn(t):

F0(t) = Fn + fn(t) = Fn(l + 8n(t)), (25.2)

where 8а(1) = Ш .

The expression for the aggregate fourth power force history (25.1) then becomes

A4(t) = F,4(l + 5|(t))4 + V (1  + 62(t + T12))4+...+F4(l + 50(t + Tln))4. (25.3)

Assuming that 5n(t) is relatively small (ie the dynamic fluctuation is small relative to the static 
force), the binomial expansion can be used to linearise equation 25.3 by neglecting second and 
higher order terms of 5:

A4(t)=F,4(l + 4$,(t))+ F24(l + 452( t+ T12 )}f.. ,+F„4(l + 48„ ( t+ T,„ )). (25.4)

In order to derive an expression for the spectral density of the aggregate fourth power force, the 
autocorrelation function of A4(t) will first be calculated:

RA4(T) = E[A4(t)A4(t + T)] (25.5)

where E[ ] is the expectation operator. Substituting the linearised expression for the aggregate force 
equation 25.4 into equation 25.5 gives

1 ^ ( 1 )  = E[(F|4(l + 4S|(t))+Fj4(l + 4$2 (t+  TI2 ))+...+ ^f(l + 45n(t + T|n ))).... 

....(F,4(l+451(t + T))+F24(l + 452(t + Tl2 + t) )+ ...+ ^ ( l + 48n(t + T12+t)))] (25.6)

Simplifying this expression, noting that E[5(t)]=0, and separating the static force components gives

(25.7)Ra4 «  = I X 16E[FJ48j(‘+ Tu )Fk48k + T'k + T)] + | £  FJ4
j=l k=l

Now EjFjSjft+ (t+ Tlk + 1)| = R (Tj,, + 1) is a time-shifted cross 
for the dynamic tyre forces of axles j and k (tj and fk), so equation 25.7 may be

R 4W ' l S ^ F ^ M T j k  +t)+
j=J k « l

\2

S44
Vj-i

cross correlation function 
simplified further to

(25.8)

The spectral density of the aggregate fourth power force Sa4(<u) can be obtained from the 
autocorrelation function Ra*(x) by using the Fourier transform [355]:
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j=lk=l
I ? , 4

U =‘ )

c"w dx (25.9)

Introducing the dummy variable р=Т^+т, and dividing through by a faclor e,<oTjk, the spectral 
density becomes [355J:

s A<H

and

u»o = Î  £ l6 F /F 1[V ‘‘' r’k SF|Fk (o>) (25.10a)
П  k-l

(„  ^
SA«(tû)U = [ l  Fj4 1 8(o». (25.10b)

where SpjFk(<*>) are the cross spectral densities of the lyre forces, which can be obtained from 
equation 5.8, and 5(d)) is the Dirac Delta function.

The standard deviation of the aggregate fourth power force is the square root of the area under the 
spectral density above zero frequency:

and the 'static' aggregate force is given by

mA« = = £ f/ •
j*i

(25.11)

(25.12)

The dynamic tyre forces can be considered to have a Gaussian probability density function [443] so, 
assuming that 5n(t) is relatively small, the 95th percentile aggregate fourth power force, normalised 
by the static component, can be approximated by:

1.650 .4  
------- * -  + l (25.13)

In the remainder of this chapter, the quantity J will be referred to as the 'road damage'. For (he case 
of a single axle, it can be shown that the 95th percentile fourth power force is given by:

J »  l6 ?*J°Z  + \ (25 14)
F

where op is the standard deviation of the tyre force. Note that this follows directly from the 
discarding of higher order terms in equation 25.4, so it is an approximate result.

25.4 BOUNCE MODEL

25.4.1 Model Description

Figure 25.1 shows a quarter-car model with two degrees of freedom (DOF) to represent die bounce 
(vertical) motions of a typical laden tractor suspension. The tyre stiffness correspond* to dual lyre*.

The input to the mode) was a single sided spectrum of road displacement defined by (3.2). with a 
spectrum slope n=2.5 and roughness So=50xl0*8, corresponding to an average motorway o* good 
principal road standard (270). A vehicle speed of 22mA (KOkm/hour) was used, and the tyre fort» 
spectrum was calculated over the frequency range 0.2 to 30Hz in intervals of 0.2Hz. The mean
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square dynamic tyre force was calculated by integrating the spectral density over this frequency 
range. The theoretical road damage J was then calculated using equation 25.14. y

Fig. 25 1 Road damage J as a function of suspension damping and stiffness of the bounce model, vehicle speed 
22m/s. From [125].

25.4.2 Optimum Stiffness and Damping

Figure 25.1 shows a contour map of road damage J as a function of suspension stiffness k and 
damping c for the operating conditions described in the previous section. The minimum road 
damage is 1.63 times the static road damage, and occurs when the suspension stiffness 
k=0.074MN/m, and the damping c=23kNs/m. The optimum value of stiffness is very low 
compared to the values used in practice: a typical air spring provides a stiffness of 0.4MN/m, and the 
large deflection stiffness of a monoleaf steel spring is typically 2MN/m. Conversely the optimum 
value of damping is higher than that often provided on trucks. A typical mean damping coefficient 
provided by a truck damper is lOkNs/m.

Two vibration modes contribute to the tyre force: the sprung mass mode (0-3Hz) and the wheel hop 
mode (10-15Hz). Examination of the tyre force spectral density curves (not shown) reveals that the 
effect of increasing the suspension stiffness is to increase the response of the sprung mass mode and 
decrease the response of the wheel hop mode. To quantify the contribution of the sprung mass mode 
to the total dynamic tyre force, the mean square tyre force over the frequency range 0.2Hz to 7.0Hz 
was calculated and then divided by the total mean square tyre force (0.2Hz to 30Hz). Figure 25.2 
shows this ratio as a function of the suspension stiffness and damping. The graph shows that the 
mean square tyre force is caused mainly by the sprung mass mode, except at low values of stiffness 
and damping. At the minimum level of road damage (figure 25.1) the ratio is about 0.5, that is, the 
two modes contribute about equally to the mean square tyre force.

25.4.3 Effect of Road Spectrum Slope

The optimum values of stiffness and damping depend on the slope of the road displacement spectrum 
(n in equation 3.2). Figure 25.3 shows the optimum pairs of values of stiffness and damping 
calculated for values of n between 1 and 4. The graph shows that the optimum value of k
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decreases as the spectrum slope steepens The optimum stiffness is zero for n f greater than about 3. 
As the spectrum slope is steepened the excitation of the sprung mass mode is increased in relation to 
that of the wheel hop mode. A decreased value of suspension stiffness is therefore needed to reduce 
the response of the sprung mass mode and thereby achieve minimum dynamic tyre force. For typical 
road surfaces, values for n range between 2 and 3 [158, 270).

Pig. 25.2 Ratio of mean square tyre force between 0.2 and 7Hz to the mean square tyre force between 0 2 and 30Hz. 
as u function of the suspension damping and stiffness of the bounce model. From f 125].

I
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Pig. 25.3 Optimum values of suspension stiffness and damping as a fonction of the slope of (he rood dttpticamettf 
spectrum. Prom [125].
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25.4.4 Effect of Reduced Sprung Mass

It is of interest to calculate the road damage for lower values of the sprung mass, in order to predict 
the effect of the vehicle operating partly laden. Figure 25.4 shows the road damage calculated for the 
vehicle with sprung mass between 500kg (unladen) and 4500kg (fully laden). The two solid lines 
show the road damage normalised by the static road damage of the corresponding partly laden 
vehicle, and the two dashed lines show the same road damage normalised by the static road damage 
of the fully laden vehicle. The upper line of each pair corresponds to the vehicle with the stiffness 
and damping fixed to the optimum values for the fully laden vehicle (k=0.074MN/m, c=23kN$/m). 
The lower line in each pair corresponds to the stiffness and damping optimised to minimise the road 
damage for each particular sprung mass.

* k=0.074MN/m, c=23kNs/m

o k and c as in fig 25.1.

—  damage normalised by static 
weight (equation 25.13).

* -  damage normalised by static
weight of a fully laden 
vehicle (m=4500kg).

f - t »

1000 2000 3000 4000 5000
SPRUNG MASS m / kg

Fig. 2S.4 Road damage as a function of sprung mass. From [125].

The solid lines on figure 25.4 show that as the sprung mass is reduced, the road damage due U 
dynamic forces increases compared to the road damage due to the static forces. The dashed line 
show that the absolute road damage by the partly laden vehicle remains fairly constant compared U 
the static road damage of the fully laden vehicle as the sprung mass is reduced, increasing slightly a 
very low sprung masses. The reduction in road damage due to the lower static weight of the parti; 
laden vehicle is therefore offset by the increase in road damage due to the increased dynamic forces 
The spacing of the lines in each pair indicates the benefit that might be gained by implementing &) 
adaptive suspension, in which the passive stiffness and damping values are altered according to th 
payload of the vehicle.

Figure 25.5 shows the optimum suspension parameters corresponding to figure 25.4. It can be see 
that the variation in optimum stiffness with sprung mass is greater than the variation in optimut 
damping.

In interpreting the preceding results it must be realised that for certain road roughnesses and speed 
and particularly for low values of sprung mass, the peaks in the dynamic force are likely to excec 
the static force, leading to wheel lift-off. This non-linear behaviour is not included in the model, an 
would significantly affect the predicted forces and road damage. The road damage calculation itse 
also becomes inaccurate for dynamic forces large compared to the static force, because of tt 
linearisation of equation (25.3).



OPTIMISING PASSIVE SUSPENSIONS 465

O

O
S
D
S

Fig. 25.5 Optimum stiffness and damping as a function of sprung mass. From [125].

25.4.5 Summary

A stiffness of 0.074MN/m and damping of 23kNs/m are needed to minimise the road damage of the 
bounce model for the input conditions described in Section 25.4.1. This stiffness is considerably 
less than current air suspensions and the damping is approximately double conventional levels. The 
optimum values vary considerably with the 'slope' of the road displacement spectrum. As the 
sprung mass is reduced, the absolute level of road damage stays nearly constant. There is a small 
benefit in adapting the damping, and particularly the stiffness, to suit changes in the sprung mass. It 
may also be beneficial to adapt these parameters to suit the slope of the road displacement spectrum.

25.5 ROLL-PLANE MODEL

25.5.1 Model Description

The roll-plane model shown in figure 24.17 was used in this study. The parameter values are 
shown in Table 25.1. They chosen to represent one axle station of a typical laden tractor.

The road surface was assumed to be isotropic [158, 270] (see Section 3.4.2). The spectral density 
was calculated from equation 3.2, and the coherence function was calculated using the method of 
Heath [230).

25.5.2 Roll-Over Stability

The potential problem of inadequate roll stability associated with low values of suspension stiffness 
was investigated by calculating the static roll-over threshold of the model shown in figure 24.6 [25]. 
As noted in Section 25.8.1, the model represents only one axle station; the influence of other axles 
on the roll-over threshold of the whole vehicle is neglected. Dynamic effects on roll-over stability are 
also not considered. Roll-over threshold is defined as the steady lateral acceleration needed to reduce 
the vertical force on one of the tyres to zero.



466 VEHICLE -  ROAD INTERACTION

Figure 25.6 shows the compromise between road damage and roll-over threshold for a sprung mass 
CG height h of 2m. The effect of an anti-roll bar is also shown. The upper two lines correspond to 
a rigid axle suspension and the lower two lines correspond to an independent suspension. The solid 
line in each case corresponds to the roll-over threshold being increased by stiffening the suspension 
springs (there is no anti-roll bar, kr=0). The dashed lines correspond to the roll-over threshold 
being increased by stiffening the suspension springs until they reach a stiffness of iOOkN/m 
(approximately the optimum value shown in figure 25.1). The roll-over threshold is then increased 
by means of an anti-roll bar of stiffness kr. At every point the damping is chosen to minimise the 
road damage (the damping has no effect on the static roll-over threshold).

Parameter Value Parameter Value
ms 9000 kg cjai 422/v kNs/m (v=speed in m/s)
Is ms*T2 h 2.0 m
mu 1000 kg hi 0.1 m (independent suspension)
Iu mu*T2 hi 0.6 m (rigid axle)
k varied h2 0.5 m
c varied T 0.925 m

varied S T (independent suspension)
kt 2 MN/m S T/2 (rigid axle)

klm 843 kN/m

Table. 25.1 Roll-plane model parameters, used in the model shown in figure 24.17.
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Fig. 25.6 Minimum road damage as a function of rollover threshold, for independent and rigid axle suspensions, 
with and without anti-roll bars. v=22m/s. From {125].

The maximum possible roll-over threshold is 4.7m/s2, corresponding to infinite spring stiffness. 
Figure 25.6 shows that without anti-roll bars, the rigid axle and independent suspension models 
(solid lines) both cause very high road damage at acceptable levels of roll-over threshold. The 
models with anti-roll bars (dashed lines) cause significantly less road damage» and it appears that
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there need be little compromise between roll-over threshold and road damage if an anti-roll bar is
employed.

For the models without anti-roll bars the increase in suspension spring stiffness causes an increase in 
road damage primarily due to the bounce modes (according to the bounce model. Section 25.4.2). 
(The corresponding increase in suspension roll stiffness does not lead to a significant increase in road 
damage by the lateral/roll modes).

For the models with anti-roll bars, the bounce stiffness of the suspension is always near the level 
required to minimise the road damage by the bounce modes. The high anti-roll bar stiffness 
necessary to provide an acceptable roll-over threshold does not result in a significant increase in road 
damage because:

(i) the lateral tyre ’damping' q at introduces an adequate level of damping into the sprung mass 
lateral/roll modes, and

(ii) for the axle roll mode the increase in suspension roll stiffness leads to an increase in resonant 
frequency and decrease in damping ratio. This does not result in increased road damage 
because the reduced road displacement excitation at the higher frequency of the axle roll mode 
more than compensates for the reduced damping of this mode.

The rigid axle suspension causes more road damage than the equivalent independent suspension. 
This is because the narrower spacing of the dampers in the rigid axle suspension prevents adequate 
damping of the axle roll mode.

In practice it might be unwise to fit a very stiff anti-roll bar to bring the roll-over threshold close to 
the maximum. The resulting low damping ratio of the axle roll mode might be problematical in the 
case of a large amplitude and high frequency roll (or single-wheel) input, such as might be caused by 
a pot-hole. There is therefore some limit to the amount by which the anti-roll bar stiffness should be 
increased (perhaps to give a roll over threshold equal to 90% or 95% of the maximum), but even 
below this limit, there is significant benefit in using an anti-roll bar to provide the necessary roil 
stiffness.

The shape of the curves in figure 25.6 is not greatly changed if the suspension damper coefficient is 
fixed at 23kNs/m, and therefore similar conclusions can be drawn in this case of non-optimal 
damping. It should also be remembered that all the results given above correspond to a vehicle speed 
of 22m/s. The value of lateral tyre damping varies inversely with speed. However, simulation 
results at other typical operating speeds suggest that the conclusions are not greatly affected.

25.5.5 Summary

For a given roll-over threshold and for the parameters given in figure 25.6, (i) the use of an anti-roll 
bar with soft springs causes less road damage than stiff springs alone, and (ii) an independent 
suspension causes less road damage than a rigid axle suspension. The use of a very stiff anti-roll bar 
to achieve close to the maximum roll-over threshold may lead to an undesirably lightly damped axle 
roll mode.

25.6 PITCH PLANE MODEL

25.6.1 Model Description

Figure 25.7 shows a pitch-plane vehicle model with four degrees of freedom; the longitudinal 
degrees of freedom are not included. The centre of gravity of the sprung mass is located equally 
between the axles, and the pitch inertia corresponds to the mass uniformly distributed between the 
axles (r=0.58). (If the mass is concentrated at each axle (p=1 .0), the front and tear of the vehicle are 
uncoupled, and each behaves like the bounce model). The parameter values reprexem the trader
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dynamics of an articulated vehicle consisting of a tractor unit with tandem drive axles and a semi
trailer with tandem axles. The sprung mass of the model represents one quarter of the trailer sprung 
mass, and each unsprung mass of the model represents one quarter of the tandem axle group mass 
(one half of a single axle). The model therefore treats the two axles in each tandem group as one 
unsprung mass. As with the bounce model and roll-plane model, this model neglects some important 
effects such as the tractor dynamics and tandem axle bogie pitch modes.

Fig. 25.7 Pitch-plane model with four degrees of freedom. From [125].
ms=90001cg( Ijsmsabr2, r=1.0 or 0.58, a=b=4.0m. n^^m^SOOkg, kii=k|2=2MN/m.

The response of the model was calculated for the same road roughness input used in Section 25.4. 
In calculating the response of the pitch-plane model to road displacement input it is necessary to 
account for the correlation between the inputs to the axles. The road displacement input to the second 
axle was considered to be a delayed version of the input to the first axle. This was included in the 
calculations using equation 5.10.

When calculating the aggregate force history along the road, it is also necessary to account for the 
correlation between the axles. The aggregate force history consists of the first axle tyre force lime 
history plus the second axle tyre force history delayed by the time between the axles. This was 
included in the calculations using the matrix terms e>(d * in the calculation of the aggregate fourth 
power force spectral density SA*(u>), equation 25.10a.

25.6.2 Correlation and Wheelbase Filtering

In this section the effect of correlation between the axles for both displacement inputs (equation 25.4) 
and force outputs (equation 25.10a) is investigated.

The upper solid line in figure 25.8 shows the road damage done by the whole vehicle as a function of 
vehicle speed. The spring stiffnesses ki and k i are 0.4MN/m, typical of an air suspension, and 
the damper coefficients cj and C2 are lOkNs/m (less than the optimum value for the bounce model, 
23kNs/m). The graph shows that the vehicle has a set of critical speeds at which the road damage is 
locally a maximum. The critical speeds are caused by the input displacement correlation and the 
output force correlation (see Section 17.4.1).

The influence of input correlation and output correlation can investigated separately by excluding 
them from the road damage calculation individually. The lower solid line in figure 25.8 shows the 
whole vehicle road damage calculated without both correlation effects ( e'wTjk = 1,0 in both equations 
5.10 and 25.10a). The dotted line shows the road damage calculated when either the inpui 
correlation or the output correlation is excluded ( e'wTji =1.0 in either equation 5.10 or equatior 
25.10a); the result is the same in each case. The graph shows that both correlations contribute 
equally to the formation of critical speeds. The term ’wheelbase filtering’ is often used to describe
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the effect on vehicle response of correlation between the input road displacements [406], but figure 
25.8 shows (hat it can equally be used to describe the effect of correlation between the output tyre 
forces on whole vehicle road damage.

Fig. 25.8 Whole vehicle road damage as a function of speed. From [125]. 
r=0.58, ki=k2sO.4MN/m,ci=c2=»0kNs/m.

25.6.3 Optimisation of the Pitch-Plane Model

The wheelbase filtering effect provides an extra freedom for minimising the road damage caused by a 
vehicle. At any particular speed it may be possible to minimise road damage by choosing stiffness 
and damping to give modes that are not excited strongly because of wheelbase filtering. This is 
demonstrated in figure 25.9, which shows road damage as a function of speed for three different 
suspension configurations.

The solid line of figure 25.9 corresponds to the suspension optimised with correlation excluded from 
the calculation, by setting e>uT’k =1.0 in both equations 5.10 and 25.10a. In this case the 
optimisation is independent of the vehicle speed and the optimum stiffness is 0.I3MN/m and the 
optimum damping is 21kNs/m.

The dashed line corresponds to the suspension optimised with correlation included in the damage 
calculation. Since the optimisation now depends on vehicle speed, the optimum values of 
suspension stiffness and damping vary with speed, as shown in figure 25.10. Figure 25.9 shows 
that optimising at each speed with correlation included results in a significant damage reduction 
compared to optimisation without correlation, particularly at speeds above 15m/s. However, if the 
suspension parameters optimised at one particular speed (for example 22m/s) are used at other 
speeds, there is a significant increase in damage, as shown by the dash-dot line.

A compromise might be to optimise over a range of speeds. Figure 25.11 shows the result of 
optimising the suspension to minimise the average of the road damage calculated at three speeds (13. 
18, 22m/s), The optimum stiffness is 0.26MN/m and the optimum damping is 19.8kNs/m. In this 
speed range, the damage is slightly less than when optimised without correlation, but slightly greater 
at lower speeds.

Figure 25.12 shows the effect of changing the payload distribution from uniformly distributed 
(r = 0.58) to concentrated at each end (r = 1.0). In all cases the suspension parameters are the 
same as calculated previously, for r = 0.58 (figure 25.11). The solid line shows that the damage by 
the vehicle optimised without correlation is little affected by the change in payload distribution
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(compare with the solid line in figures 25.9 and 25.11). The damage by the vehicle optimised for 
speed range 13, 18, 22m/s and r=0.58 (dotted line) is slightly increased by the payload cha 
(compare with dotted line in figure 25.11 ). The payload change to r = 1.0 has a large effect on 
suspensions optimised for r = 0.58 at each speed (dashed line). The damage is very m 
increased, particularly at high speeds (compare with the dashed lines in figures 25.9 and 25.11).

Fig. 25.10 Optimum suspension stiffness and damping as a function of speed. From [ 125].

25.6.4 Summary

The results given in figures 25.9 and 25.11 show that a vehicle suspension optimised for a partie 
speed is not robust to payload or speed variations. In practice it is thought that optimisation sh< 
be performed with correlation excluded from the calculation, to provide optimum suspenj 
parameters that are robust to speed and payload changes. Optimising for particular speeds may > 
valid optimisation strategy if an advanced suspension is available in which the stiffness and dam| 
parameters can be adapted to suit the speed and payload.
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Fig. 25.11 Whole vehicle road damage as a function of speed, for three different suspension settings, n=0.58. (125].

Fig. 25.12 Whole vehicle road damage as a function of speed, for three different suspension settings, 0=1.0, (125]-

25.7 OPTIMISATION OF AN AIR SUSPENDED ARTICULATED VEHICLE

In this section, tyre force histories measured from an air suspended articulated vehicle are used to 
validate a nonlinear three-dimensional mathematical model of the vehicle. The suspension parameters 
of the model are then optimised using the techniques described in the earlier sections. The objective 
is to predict the reduction in road damage that can be achieved by improving the design of a 
suspension that performs well in standard form. Further details of this study are given id ( 122].

25.7. J Validation of the Whole- Vehicle Model
Dynamic tyre force histories measured on an articulated vehicle were provided for this study by the 
Transport Research Laboratory. The vehicle was a typical UK articulated lorry, with five axles and a 
maximum allowable gross mass of 38 tonnes. The tractor had two axles, both fitted with hydraulic
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dampers and anti-roll bars. The steering axle was fitted with multi-leaf springs and single tyres, ; 
the drive axle was fitted with air springs and dual radial-ply tyres. The flat-bed semi-trailer had th 
rigid axles, fitted with air springs, hydraulic dampers and single wide radial-ply tyres. The I 
trailing arms on each axle provided additional suspension roll stiffness. The vehicle was tested in 
fully laden condition at speeds of 13, 18, and 22m/s (30,40, 50mph) on a 150m straight sectior 
the TRL test track.

The non-linear vehicle vibration simulation program described in Chapters 5 and 6 was used to ere 
a three-dimensional model with 19 degrees of freedom, shown in figure 25.13. The hysten 
characteristic of the steer axle leaf springs were modelled according to the equation 4.2. The spn 
masses of the tractor and trailer were assumed to be rigid.

Fig. 25 13 Three-dimensional model of the test vehicle, with 19 degrees of freedom. From [ 125].

Simulated tyre force histories were generated in the time domain using the measured test track pro 
as the input. Figure 25.14 shows good agreement between measured and simulated DLCs at 
three test speeds. Examination of the tyre force spectral densities showed good agreem 
throughout the frequency range.

(b) third trailer axle DLC

Fig. 25,14 Measured and simulated DLCs of the nearside tyre forces. From [125]. 
------------- measured ..................... simulated
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25.7.2 Optimisation of the Whole-Vehicle Model

Section 25.6 considered a simple pitch-plane model, with equal mass distribution front to rear. 
However, the symmetric model considered was not representative of the test vehicle, which has a 
single tractor drive axle and a tri-axle group on the trailer. A more realistic linear pitch-plane model 
was therefore created, consisting of a tractor sprung mass, trailer sprung mass, and five unsprung 
masses. The model has eight degrees of freedom. The model is two-dimensional and therefore 
ignores the roll motions of axles and sprung masses. For full details see [122J.

To account for the effect of tyre configuration on the primary responses of the road (stress, strain), a 
tyre equivalency factor bj was incorporated into the calculation of the aggregate fourth power force 
(equation 25.1) as follows:

A4(t) = bfF,(t)4 +b5F2(t + Tl2)4+...+bÎF„{M-Tl0)4 (25.15)

The corresponding expressions for spectral density of aggregate fourth power force are

S A4 H»>0 = i  Î  16b4b4kFj Ve^SpjF* <®> 
A j-ik-i

S a 4 ( û» L - 0  =

(25.16a)

(25.16b)

Calculation of the Toad damage* from these spectral densities followed the procedure given in 
equations 25.11 to 25.13. Values of tyre equivalency factor bj were taken from [192J and are 
given in Table 25.2. The values chosen account for the influence of tyre type on the fatigue damage 
of a flexible pavement with ? wearing course thickness of 125mm.1

Axle Tyre Configuration Equivalence Factor, bj

Tractor steer axle (j=l) Single 1.64
Tractor drive axle (j=2) Duals 1.00
Trailer axles (j=3,4,5) Wide single 1.28

Table 25.2 Tyre equivalency factors.

Optimisation was performed with no correlation between the axles (e1"1* = 1.0 in equations 5.10 and 
25.10a). The optimum stiffness values were typically one quarter of the standard values. The 
optimum damping values for the drive axle were about four times standard, but the standard trailer 
dampers were found to be close to optimum.

The optimised suspension parameters were applied to the nonlinear whole-vehicle model described in 
Section 25.7.1. The anti-roll bar stiffnesses were set to give total roll stiffness at each axle the same 
as the standard vehicle. The friction parameters of the steer axle leaf springs were set to zero; a 
practical means of achieving this (for some springs) is to use rubber blocks in the sliding contacts of 
the spring, as described in Chapter 24. Tyre force histories were calculated for three speeds: I3m/s, 
18m/s and 22m/s. The input to the simulation was an artificially generated pair of profiles 4km tong, 
with roughness representative of a poor motorway or average principal road. The calculated nearside 
tyre force histories were used to calculate the tyre force criteria, and a tyre equivalency factor was 
incorporated into the calculation of the aggregate fourth power force (25.16a).

1 Note that use of the equivalency factors has a very similar effect to basing the damage calculation on the nominal 
contact stress as in equation 17.6.
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25.7.3 Results

Figure 25.15 shows the change in tyre force criteria (averaged over the three speeds) resulting frc 
the optimisation of the standard vehicle model. The DLCs of the tractor axles are reduced on avera 
by 26%. The reductions in the trailer axle DLCs are not so marked, typically 11%, although the 3 
trailer axle DLC is reduced by 16.8%.

The road damage calculated for the tractor unit is reduced by nearly 11%, but the reduction for t 
trailer axles is only 0.8%. The reduction in road damage by the whole vehicle is 5.8%. T1 
compares with a 40% reduction if the dynamic components of the tyre forces are éliminât 
completely.

Fig. 25.15 Predicted change in lyre force criteria (averaged over three speeds), modified vehicle compared to standarc 
vehicle. From [125].

25.8 CONCLUSIONS

(i) A method has been developed for calculating the 95th percentile aggregate fourth power foi 
from the direct and cross spectral densities of tyre forces. The influence of tyre type can 
included.

(ii) A model with two degrees of freedom (DOF) was used to represent the bounce (vertic 
motions of a vehicle. A suspension with about one fifth the stiffness and twice the dampi 
of a typical air suspension is needed to minimise the road damage of the model, for typi 
input conditions. As the sprung mass is reduced, the absolute level of road damage su 
nearly constant. There is a small benefit in adapting the damping, and particularly 1 
stiffness, to suit changes in sprung mass. It may also be beneficial to adapt these paramet 
to suit the slope of the road displacement spectrum.

(Ш) A model with six DOF was used to represent the motions of a vehicle in the roll-plane. Fc 
given roll-over threshold and optimum damping, and for the typical parameters chos< 
(a) the use of an anti-roll bar with soft springs results in less road damage than stiff sprii 
alone; and (b) an independent suspension causes less road damage than a rigid a: 
suspension. The use of a very stiff anti-roll bar to achieve close to the maximum roll-o' 
threshold can lead to an undesirable lightly damped axle roll mode. These conclusions a 
apply to case when the damper coefficient is set to the optimum value for the bounce model
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(iv) A model with four DOF was used to represent the motions of a trailer in the pitch-plane. At 
any particular speed it may be possible to minimise road damage by choosing stiffness and 
damping to give modes that are not excited strongly because of wheelbase filtering. In 
practice, it is thought that taking advantage of wheelbase filtering to minimise road damage is 
not advisable and that it is belter to optimise suspension parameters for uncorrelated inputs.

(v) A three-dimensional 19 DOF nonlinear model of an air suspended articulated vehicle was 
created and validated against spectral densities of measured tyre forces. Agreement was 
generally good throughout the frequency range. The measured and simulated DLCs agreed 
closely.

(vi) A linear eight DOF two-dimensional pitch-plane model was used to calculate optimum 
suspension stiffness and damping values for the validated nonlinear whole-vehicle model. 
The optimisation resulted in a road damage reduction of 5.8%, averaged over three speeds. 
Eliminating the dynamic component of tyre force completely would lead to a road damage 
reduction of 40%.
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26.1 SUMMARY

The optimum level of passive damping for minimising the RMS dynamic tyre force and RMS be 
acceleration of a heavy vehicle is determined by testing a damper in a ’hardware-in-the-loop’ (H 
test rig. Two different control strategies, ('modified skyhook damping' (MSD), and linear optir 
control with full state feedback (FSF)), are investigated theoretically using linear models, i 
suspension force control laws are derived. These control laws, along with simple 'on-off cond 
are then tested experimentally using a prototype semi-active damper which is controlled so as 
follow the demanded force, except when power input is required. The achievable performai 
improvements are compared, and differences between the linear theory, computer simulations \ 
experimental performance are discussed. It is found that using FSF control, RMS body accélérât 
and RMS tyre force can be reduced simultaneously by 28% and 21% of their values for optii 
passive damping.

A four-degree-of-freedom (4-DOF), two-axle, pitch-plane HiL simulation is presented, in which 
experimental semi-active lorry damper is used on the drive axle. It is found that use of'Previ 
control, (in which states from the leading axle are used in the control algorithm for the rear axle) ■ 
provide significant improvements in response, compared with the single-axle MSD approach. 1 
time delay inherent in the response of the damper is found to degrade the potential benefits of 
system significantly, however this can be overcome using a 'Phase Lag Compensation' (PI 
strategy, which predicts the demanded damper force 20-30ms ahead of the time it is required. 1 
PLC approach is shown to improve the performance of the HiL system significantly.

This chapter is based on work previously published in [97], [56] and [283].

26.2 INTRODUCTION

The aim of this chapter is to establish the potential improvements in the vertical vibration dynan 
(dynamic tyre forces and ride quality) of heavy goods vehicles that can be achieved through the 
of semi-active dampers.

A detailed summary of the development of active control in vehicle suspension systems up to ab 
1983 may be found in Goodall and KortUm [198]. Sharp and Crolla [422] publish^ 
comprehensive study of more recent developments in road vehicle suspension design in 1987. 
further extensive study of recent literature on advanced suspensions can be found in [282]. Li 
work has been published on the use of semi-active dampers for heavy goods vehicles.

Ahmadian and Marjoram [5] simulated the responses of a two-degree-of-freedom vehicle me 
with mass and stiffness parameters representative of a lorry, and investigated 'skyhook' damp 
with different extension and compression damping rates. They showed that most of the benefr 
scmi-active damping was in reducing the sprung mass vibration at low frequencies. On the basi 
a theoretical study, Aurell [40] reported that 'on-off dampers are not likely to provide a signifie 
reduction in dynamic tyre force levels, but that continuously variable semi-active dampers are lil
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to reduce RMS dynamic tyre forces by up to 17% and reduce RMS sprung mass vertical acceleration 
by up to 25%. Aurell also concluded that little benefit can be achieved from semi-active dampers 
unless the suspension springs are relatively soft. Gillespie et al [192J performed a theoretical 
analysis and concluded that a fully active suspension could reduce road damage due to dynamic tyre 
forces by 20% compared with a well maintained air suspension. Wilkinson (493) presented the 
results of an articulated vehicle simulation study incorporating various advanced suspension systems. 
He concluded that for a laden vehicle travelling on a motorway surface, semi-active suspensions 
could reduce RMS body accelerations by 23% and RMS dynamic tyre forces by 13% compared with 
passive air suspensions. Fully active systems were found to give little further benefit.

Yi and Hedrick [513] analysed a five axle tractor/semi-trailer pitch-plane truck model with leaf spring 
suspensions. The force demand for the semi-active damper was generated using tyre force 
feedback. In this study 15%-20% reductions in RMS tyre force were predicted, however, this could 
only be achieved at the expense of increasing body acceleration. It was also found that reductions 
achieved using continuously variable and on-off dampers were similar. In the same investigation the 
pavement damage generated by the truck was estimated and it was concluded that semi-active 
suspensions can increase the pavement life by 11.5% compared to optimal passive suspensions. In 
an associated laboratory study, Yi et al [514] found that peak dynamic tyre forces could be reduced 
significantly through the use of semi-active dampers.

More recently, Korttim and Valasek [288] began a study to optimise semi-active lorry suspensions 
for road-friendliness. They investigated a number of control strategies, including: LQR, Neural 
networks, Fuzzy Control, Sliding Mode Control and a new concept which they named 'Extended 
Ground-Hook’ (EGH) Control. In the EGH approach, the demand signal for the damper is 
proportional to the tyre deflection rate. The authors achieved a 5-10% reduction in the Road Stress 
Factor (equation 17.2), for a quarter car simulation model, compared with a 'road-friendly* air 
suspension. No experimental results were available at the time of writing, although tests on a 6 x 2 
rigid vehicle with four experimental dampers on the middle axle are planned.

Most theoretical studies of semi-active suspension systems have assumed that controlled dampers 
can track a prescribed force demand perfectly (when they dissipate energy). This assumption is not 
accurate for many real controllable dampers, because of time delays, valve dynamics, friction, and 
limits on the range of possible damping coefficients. In order to quantify the errors caused by 
implementing semi-active control strategies in hardware, and to establish the realisable performance 
improvements of semi-active compared with optimised passive systems it is necessary to perform 
laboratory tests on a semi-active damper

Theoretical studies investigating the use of Preview' control [249, 310, 369, 431] have predicted 
significant potential benefits. However, only a limited number of experimental studies have 
implemented preview control.

In 1990, Langlois et al [296] used look-ahead preview on an off-road military vehicle with an active 
suspension, fitted with ultrasonic surface height sensors. The initial approach used the techniques 
derived from optimal control theory given by Thompson [453]. However, the non-linearity of the 
application (actuator delays etc) resulted in an ad-hoc algorithm being implemented. Testing of the 
vehicle over a 50mm high rounded hump showed that preview control provided a 15% reduction in 
the RMS body acceleration relative to a conventional passive suspension and a 4% improvement over 
an active system without preview.

In 1992, Nagiri et al [350] used a look-ahead sensor on an automobile with a hydro-pneumatic 
active suspension, which was regulated by a 'skyhook' controller. The road profile 0.9m ahead of 
the front axle of the vehicle was measured using a non-contact optical sensor mounted underneath the 
front bumper. A theoretical vehicle model running ahead of the prototype vehicle was used № predict 
the demanded actuator force so as to compensate for delays in the hydro-pneumatic system (these 
delays originated mainly from the dynamics of the servo-valves and 6ms of digital processing time).
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A compensation time1 of ASms was found to minimise the RMS body acceleration. Experimental 
measurements on a rough random road showed that the spectral density of the body accelerations 
was decreased by between 30% to 45% in the frequency range \Hz to 8Hz due to the additional 
information acquired through the look-ahead sensor.

Monta et al [346] reported on a study in which a look-ahead sensor was implemented on a test 
vehicle fitted with a skyhook-controlled semi-active suspension. The look-ahead preview was 
realised using bilateral ultrasonic sensors, which provided a preview distance of between 0.7m to 
1.3m in front of the vehicle. Significant time delays of approximately ЗОтл had been measured 
between the demanded and achieved damping force with the semi-active dampers. The additional 
information gained through the look-ahead sensor was used to overcome this problem. 
Unfortunately, quantitative figures for the measurements were limited, however, it was stated that a 
compensation lime of 10ms was used in the experimental study.

In Sections 26.3 to 26.5, research on a prototype continuously variable semi-active damper, 
provided by a European manufacturer, is presented. (This damper was described in Chapter 4.) The 
damper was designed for use in passenger cars, however, the forces were scaled appropriately in the 
hardware-in-the-loop' experiments so that approximate conclusions could be drawn about lorry 
suspensions. Three strategies for controlling the semi-active damper are discussed in the chapter:

(i) Modified Skyhook Damping requires a continuously variable damper with good dynamic 
response and appropriate range of damping performance. A control system is also needed to 
enable the damper to track a demanded force signal. Two possible force tracking systems, 
'open loop1 and 'force feedback', are discussed in Section 4.5. The feedback signal for 
MSD control is obtained from a vertical accelerometer or velocity transducer attached to the 
body of the vehicle. It is therefore relatively straightforward to implement.

(ii) On-Off Control can be used instead of MSD if a two-state, switchable damper is available. 
The feedback signal also requires measurement of the vertical velocity of the vehicle body. It 
is a lower cost solution than MSD control, but it will be shown in this chapter that the 
performance is considerably worse, particularly for vehicle body acceleration (ride).

(iii) Full State Feedback requires a continuously variable damper and a force control system, as 
for MSD control. Generating the damper force demand signal requires measurements of all 
states of the vehicle, or alternatively, a state estimator to calculate the values of un-measured 
states from limited measurements. It is shown that this additional sophistication does not 
provide much performance benefit, and that FSF control is only slightly superior to MSD 
control.

In Section 26.6, research on more sophisticated control strategies, using 'Preview' control with a 4- 
DOF HiL model arc discussed. This work used a semi-active truck damper that was developed 
specifically for the purpose |284].

26.3 EXPERIM ENTAL DETAILS

The semi-active damper used in the first set of experiments was described in Section 4.5. The 
Hardware-in-the-loop (HiL; rig described in Section 4.4.1, with vehicle Model 2 (Table 4.1) and the 
road roughness inputs described in Table 4.2, were used in the damper tests. The computer driving 
the HiL apparatus was also used to control the semi- active damper.

The root mean square (RMS) dynamic tyre force and RMS body acceleration responses arc used 
throughout the chapter to characterise vehicle performance. Dynamic tyre forces ore directly relevant

i This ‘и the lime between the prediction model running abend of the vehicle (used to control the actuulor) and the real 
vehicle
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to road damage and vehicle handling performance, and body acceleration is a measure of driver ride 
comfort and cargo vibration. All RMS values were calculated by integrating the measured or 
simulated mean square spectral densities in the frequency range between 0 Hz and 20 Hz.

26.4 PASSIVE DAMPING

26.4.1 Damper Model

Sinusoidal tests on the experimental damper, described in Section 4.5.2 and figure 4.23, indicated 
that during 'passive' operation, its characteristics could be represented as a simple linear viscous 
dashpot. In order to assess the accuracy of the HiL apparatus and the simple linear damper model, 
the semi-active damper was tested in 'passive' mode with the damping set to maximum level. The 
measured damper force feedback signal (see diagram of apparatus in figure 4.10) was multiplied by a 
scale factor of 4 (corresponding to four automobile dampers in the HiL lorry model), giving a 
maximum passive damping rate of approximately 30kNs/tn.

The accuracy of the linear damping approximation was assessed by comparing the HiL 
measurements with an entirely digital simulation, using a linear viscous damper model, and an 
identical road input time history.

The body acceleration (BA) and tyre force (TF) time histories obtained from HiL measurement and 
digital simulation are compared in figures 26.1a,b for a 'principal road' input. Measurement and 
simulation agree quite closely. The corresponding spectra are shown in figures 26.1c,d. At the 
wheel hop frequency, the tyre force spectral density for the HiL measurement is slightly lower than 
the power spectral density obtained from the digital simulation. This suggests that the real damper 
has slightly higher damping than the simulated damper at higher velocities, which agrees with the 
slightly curved force-velocity-characteristics of figure 4.23. RMS values of various vehicle 
responses are summarised in Table 26.1 for each of the road inputs. The RMS values for 
measurement and simulation generally agree to within a few percent, giving reasonable confidence in 
the HiL apparatus and the linear damper model.

26.4.2 Optimum Passive Damping

In order to determine the optimum level of passive damping, the passive damping rate in the HiL 
system was varied by multiplying the measured damping force by appropriate scale factors before 
feeding it back into the HiL computer model (figure 4.10). For these measurements the semi-active 
damper was set to its maximum damping coefficient. Damping force multipliers between 3 and 6.5 
were used. The HiL measurement method became unstable for higher damping force multipliers 
because of the extra open loop gain.

The trade-off between tyre force and body acceleration is shown as a function of the damping 
coefficient in the ’conflict diagram' in figure 26.2, for the principal road input. The figure shows 
the results of the HiL tests and the corresponding results of a digital simulation with linear viscous 
damping. The numbers shown on the experimental (HiL) curve are the damping force multipliers, 
and the numbers on the curve for the digital simulation are the equivalent linear damping rates (in 
units of kNs/m). The discrepancies between RMS body accelerations for the two curves on the 
figure are mainly due to noise introduced by the hydraulic actuator and the instrumentation. (The 
damping force ucts directly on the body mass of the vehicle, thus any noise due to the fluid flow 
developing within the damper or switching will increase body acceleration. The dynamic tyre force 
is less affected by noise because the damping force is 'filtered' by the dynamics of the wheel mass.)

The optimum level of passive damping corresponds to the points on the curves closest to the origin in 
figure 26.2, where both the RMS tyre force and RMS body acceleration are minimised 
simultaneously. For the principal road input, the optimum level of passive damping can be seen to
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be 30 kNs/m, corresponding to four of the test dampers, each set to maximum damping. The same 
amount of damping was also found to be optimal for the other road inputs. In the remainder of this 
chapter, the performance of the vehicle using various semi-active damper control strategies is 
compared with this optimal passive* point.

fttqueacy/[HE]

Fig. 26.1 Responses of the vehicle model with passive damping for the principal road input From [971
(a) body acceleration time history, (b) tyre force time history,
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(c) body acceleration spectral density, (d) tyre force spectral density.
-------------- HiL measurement,-------- digital simulation with linear viscous damping.

Road input Body
Acceleration

(m/s2)

Tyre
Force
(kN)

Suspension
Deflection

(mm)

Damper
Force
(kN)

HiL Motorway 0.62 2.70 3.4 1.88
experiment Principal road 0.71 3.11 3.9 2.24

Minor road 0.87 3.76 4.9 2.67
Computer Motorway 0.57 2.71 3.7 1.74
simulation Principal road 0.67 3.14 4.3 2.03

Minor road 0.81 3.86 5.1 2.58

Table 26.1 Comparison of RMS values of HiL measurements and digital simulations using the linear vehicle model, 
with the semi-active damper in passive mode. The passive suspension damping of 30kNs/m is near the 
optimal passive value.

Fig- 26.2 Conflict diagram, showing the trade-off between RMS tyre force and RMS body acceleration as a 
function of the level of passive damping, ‘principal road’ input. From [97] 
x - damping rate (kNs/m), theory, o - damping force scale factor, HiL lests.

26.5 SEMI-ACTIVE DAMPING

All semi-active damper control strategies investigated in the project utilised two nested controllers.:

(i) The inner controller adjusted the damper valve so as to track the desired force. Two 
alternative control strategies for the inner loop were investigated in the project: 'open loop' 
and force feedback' control. These strategies were described in detail in Section 4.5.

(ii) The outer controller (outer control loop) set the desired damping force level in accordance 
with the measured states of the vehicle. Three different strategies for the outer control loop 
are discussed in the following sections.
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26.5.1 Modified 'Skyhook' Damping (MSD)

Control strategy

'Skyhook damping' commonly refers to a control strategy in which the force demand signal for a 
controllable suspension element is proportional to the absolute vertical velocity of the sprung mass. 
The suspension element, which is mounted between body and axle, then emulates a passive damper 
attached between the sprung mass and an inertial frame.

The effects of passive damping and skyhook damping on the body acceleration and tyre forces 
generated by a two degree-of-ffeedom automobile model were discussed by Redfield and Karnopp 
[385]. They modelled the skyhook damper as a 'perfect' actuator, capable of supplying and 
dissipating energy. It was assumed to produce a force Fs given by:

Fs = Cs vs (26.1)

where Cs is the ’skyhook' damping rate and v$ is the absolute vertical velocity of the sprung mass.

Trade-offs in performance improvements were found to occur at various frequencies [385]. 
Increasing conventional passive damping was found initially to decrease dynamic tyre forces at both 
the body bounce and wheel hop frequencies (1.5 Hz and 12 Hz), but for high damping, the sprung 
and unsprung masses were found to 'lock' together, causing increased dynamic loads in the 
intermediate frequency range. Conversely, increasing skyhook damping was found to attenuate the 
body acceleration and dynamic tyre forces at low frequencies, with a relatively small increase in tyre 
force at high frequencies.

An alternative control strategy is to generate the suspension damping force Fs using a combination 
of passive damping and skyhook damping. This is denoted as ’Modified Skyhook Damping' (MSD) 
and is given by [53]:

Fs = Cp vrei + Cs vs (26.2)

where Cp and Cs are the passive and skyhook damping rates;
vs and vrei are the absolute velocity of the sprung mass and the relative velocity between 

sprung and unsprung masses.

The maximum damping rate Сщах is a physical limit on the performance of a particular damper:

Cp + Cs = Сщах- (26.3)

Depending on Cmax, different levels of passive and skyhook damping are required to reduce 
simultaneously the RMS body acceleration and RMS tyre force. The ratio of passive to maximum 
damping a  can be substituted into equation 26.2, and this gives a control law for Modified 
Skyhook Damping:

Fs = Cmax (Л Vrrf + ( l -a )v s) (26.4)
where cc = Ср/Сщах*

When a  = 1, Fs = Cmax vrei, ie the suspension element provides conventional passive damping. 
When a  = 0, Fs = Cmax vs, ie pure skyhook' damping (assuming the suspension element is a 
perfect actuator).

Theoretical RMS Performance -  'Perfect* Actuator

Figure 26.3 shows a 'conflict diagram' for RMS body acceleration and RMS dynamic tyre force, 
using theoretical modified skyhook damping, and quarter car vehicle Model 2 (Table 4.1). The 
suspension damper was assumed to be a 'peifect' actuator which could supply or dissipate energy. 
The RMS responses were normalised by the RMS values for a passive suspension with an 'optimal'
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passive damping rate1 of 30 kNs/m (see [53] for details). The solid lines are contours of constant 
maximum damping rate Cmax. while the dashed lines are lines of constant a

Assuming a maximum damping coefficient of Cmax = 40 kNs/m, the perfect actuator theory 
predicts a maximum reduction in RMS dynamic tyre force of 20% compared to the optimal passive 
RMS levels, for a  = 0.4 (point A on figure 26.3). The corresponding reduction in body 
acceleration is 28%. The maximum achievable reduction in RMS body acceleration is 37% 
(at a  = 0.125 -  point B on figure 26.3) for which the RMS tyre force is slightly more than for the 
optimal passive system.

Fig. 26.3 Conflict diagram showing the variation of RMS body acceleration and RMS dynamic tyre force with
MSD control parameter a  and the maximum damping coefficient CmaX, for a fully active suspension. 
From [97] ------------Contours of constant Сщах (kNs/m), ................ Contours of constant cl

For low maximum damping rates (Cmax < 20 kNs/m), 50% passive damping (a  = 0.5) provides 
essentially minimum body acceleration and tyre force (ie the 'knee* of the curves, nearest to the 
origin). For maximum damping rates larger than 30 kNs/m, the optimum tyre force response 
occurs at varying values of a , corresponding to approximately constant passive damping of 
Cp = a  Cmax = 16 kNs/m. Increasing the maximum damping rate above 50 kNs/m, yields 
diminishing improvements, particularly for tyre forces.

Semi-Active Modified Skyhook Damping (SAMSD)

In this section the semi-active damper is modelled as a variable linear viscous damper, capable of 
dissipating energy over a finite range of damping rates: Cmjn to Cmax. Unlike the ’perfect 
actuator', it is unable to supply energy.

The theoretical semi-active damper force is known as Semi-Active Modified Skyhook Damping 
(SAMSD) and is given by [53]

p  _ г̂оах {avre, +(1 -  a)v,}, when F,vrel > 0. ^

|Cminvrci- when Fsvrc| S 0.

In order to model the performance of a heavy goods vehicle equipped with semi-active damping, the 
force generated by the automobile damper discussed in the previous sections was ’scaled-up' by a 
factor of 6 (ie one truck damper was assumed to be equivalent to 6 car dampers). Using the

1 The ‘optimal passive’ damping rate simultaneously generates the minimum RMS dynamic tyre forces and the 
minimum RMS body accelerations, as shown in figure 26.2.
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measured damping characteristics shown in figure 4.23, the maximum damping rate was assumed to 
be Cmax = 6 x 6 .7kN s/m  = 40kNs/m, and the minimum damping rate was assumed to be 
C0ff = 6 x 0.5 kNs/m = 3 kNs/m.

The results of a digital simulation of the theoretical semi-active damper, using the modified skyhook 
damping (MSD) control strategy, for a motorway* input are shown as crosses (x) on figure 26.4. 
In this case, the scales are not normalised. Again a  = 1 corresponds to optimal passive damping. 
For a  = 0.35, the theoretical RMS tyre force is minimised (reduced by 18% from the optimal 
passive level), while at the same time the body acceleration is reduced by 24%. The maximum 
reduction that can be achieved in RMS body acceleration is 27% (for a  = 0.1), and this is 
accompanied by a 13% reduction in the RMS tyre force.

The reductions in dynamic tyre force for the theoretical semi-active damper (figure 26.4) and the 
perfect actuator (figure 26.3) are similar. However, the achievable percentage reductions in body 
acceleration with theoretical semi-active damping are significantly less than for the perfect actuator.

Fig. 26.4 Conflict diagram showing the variation of RMS body acceleration and RMS dynamic tyre force with 
modified skyhook damping control parameter a  for the quarter car, 'motorway* input. From [56]. 
x -  theoretical semi-active damping (simulation) 
o -  Open loop control (HiL measurements)
+ -  Force feedback (velocity) control (HiL measurements)
* -  Force feedback (force) control (HiL measurements)

Experimental RMS Performance -  HiL M easurements

For HiL tests, the measured force generated by the experimental automobile damper in the HiL rig 
was also scaled up by a factor of 6. This factor emulated the behaviour of a reasonably realistic truck 
damper1, while ensuring stable operation of the HiL system. The scaled damper had a maximum 
damping rate (Сщах) of approximately 40 kNs/m.

All three force tracking strategies in Section 4,5 were investigated:

1 Note that an important difference is that a truck damper will contain a larger volume of hydraulic fluid than the car 
damper. As a consequence of the compressibility of the fluid, it will have a somewhat longer time delay than the car 
damper. This will degrade its force tracking performance. HiL experiments with a prototype semi-active truck damper 
are described in the next section.
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(i) Open loop control (equation 4.12)
(H) Force feedback (velocity) (equation 4 .14a)
(iii) Force feedback (force) (equation 4.14b).

The force was sampled at 600Hz, and for the force feedback controllers, the PID gains in equation 
4.17 were KP =10m V /N , KiT=:5mV/N and KD/ t =  OmV/N.

In addition to the simulation results for the theoretical semi-active damper, Figure 26.4 shows the 
HiL measurements for all three control strategies. There is reasonable agreement between the 
simulated tyre forces and the measurements for open loop damper control. The measured RMS body 
acceleration is larger than the simulation for all three sets of measurements. This is due to noise in 
the measured acceleration signal, which increases the RMS accelerations and shifts the experimental 
graphs to the right uniformly (as shown in Figure 26.2).

For open loop control with a  < 0.2, the agreement between simulated and measured RMS tyre 
force deteriorates because the switching dynamics of the damper, which are not included in the 
simulation, reduce the overall level of damping. The force feedback results also show more 
variability for low proportions of passive damping (a  < 0.2). This is caused by noise in the 
measured damping force.

The body acceleration and tyre force levels achieved using force feedback are significantly larger than 
the responses obtained using open loop control. This is caused by the inferior phase performance of 
the force feedback strategy noted in Section 4.5. Both force feedback control strategies give similar 
RMS responses, the force feedback (velocity) control strategy performing slightly better than the 
force feedback (force) strategy.

Experimental Performance -  Frequency Response

Figures 26.5 and 26.6 show the measured and simulated mean square spectral densities of body 
acceleration and tyre force, obtained from the vehicle model with motorway input, for two different 
values of a . The measured performance for open loop damper control is shown as a solid line, force 
feedback (force) damper control is a dashed line, and theoretical semi-active damping is a dotted line.

The spectral densities for purely skyhook damping control (a  = 0) are shown in Figure 26.5. The 
body accelerations (figure 26.5a) show low damping at the body bounce frequency. The tyre force 
responses (Figure 26.5b) show low damping at both the body bounce and wheel hop frequencies. 
There is reasonable agreement between the body acceleration spectral densities for simulated 
theoretical semi-active damping and force feedback control, although, the measured responses at 
both resonance peaks are larger than the simulation predicts. This is caused by a reduced overall 
level of damping for HiL measurements, due to the damper switching dynamics (see previous 
section). The tyre force spectral densities (figure 26.5b) have resonance peaks of approximately the 
same heights for open loop damper control and theoretical semi-active damping. The reduced height 
of the wheel hop resonance for force feedback control indicates a higher level of passive damping.

Mean square spectral densities for MSD damper control with half passive damping (a  = 0.5) are 
shown in Figure 26.6. The main effect of changing a  is almost complete elimination of the wheel 
hop resonance from the tyre force spectral densities. For force feedback damper control, the 
responses at the sprung mass natural frequency (approx 1.8 Hz) are significantly greater for 
a  = 0.5 (figure 26.6) than the corresponding values for a  = 0 (figure 26.5), For open loop 
damper control and theoretical semi-active damping, the responses at the sprung mass frequency are 
less for a  = 0.5 than for a  = 0.

Experimental Performance -  Force Tracking

The tracking performance of the HiL measurements, and the damping forces and control voltages for 
the open loop and the force feedback damper control strategies are compared in figure 26.7 for a  » 
0.35. The measured damping forces in Figure 26.7b (solid and dashed lines) track the demanded 
force (dotted line) quite well, with the measured damping forces lagging 20ms-40ms behind the
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demanded force. This is a somewhat larger lag than measured in the damping force transients 
(figure 4.25), but the damping force transient tests were conducted with a constant velocity input, 
whereas in this case, the velocity usually starts to rise from almost zero at the same time as the 
damper force. This can cause a delay until the flow of damping fluid is fully established. The phase 
lag is larger for the force feedback controller than for the open loop controller.

From the control voltage time history in figure 26.7a it can be seen that the force feedback controller 
operates mainly by integrating the force error. The response during each switching transient is 
initially very steep, levelling off with higher control voltages. If the demanded force changes after a 
short time, (eg at 1.17s in figure 26.7a) the velocity and demanded force often change signs and the 
control voltage is reset to -10  V before maximum force is reached. If demanded force and velocity 
have the same sign for long enough (eg at 1.25s), the force tracking operates well.

Fig. 26.5 Mean square spectral densities of vehicle response for pure skyhook damping with a  ~ 0-

<a) body acceleration (b) dynamic tyre force. From [56].
............... Theoretical semi-active damping (simulation)
------- — Open loop control (HiL measurements)
- ..........  Force feedback (force) control (HiL measurements)
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The loop gain and bandwidth of the damper controller were reduced to prevent occasional transient 
force overshoots from exceeding the maximum allowable damper force. This lower gain results in 
greater phase lag. To reduce the phase lag, the force feedback controller needs to be tuned for a 
faster response, and it is then necessary to remove the high frequency content of the damping force 
by filtering. This was not possible in the HiL tests, because the low-pass filtering caused additional 
phase delays and instability of the HiL test rig. Increasing the gains will also increase overshoot. 
The choice of gains is therefore a compromise between speed of response, stability and overshoot.

Fig. 26.6 Mean square spectral densities of vehicle response for modified skyhook damping with a  = 0.5.
(a) body acceleration (b) dynamic tyre force. From ($6].
............... Theoretical semi-active damping (simulation)
----------  Open loop control (HiL measurements)
............. Force feedback (force) control (HiL measurements)

Figure 26.8 shows a section of the damping force and control voltage between Is and 2s and 
compares the time histories of the force feedback (force) and force feedback (velocity) strategies and 
the control voltage. The demand and response control voltage time histories agree very well
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(figure 26.8a). The damping force time histories are shown in figure 26.8b. The solid line is the 
measured damping force of the force feedback (force) strategy, the dashed line is the force feedback 
(velocity) strategy and the dotted line is the demanded force.

Both force feedback strategies track the demanded force with similar accuracy. However the force 
feedback (force) strategy sometimes causes large spikes in the damping force (eg 1.88s). Noise in 
the damping force can cause increased switching in the control voltage as seen at 1.49s and 1.95s of 
the voltage time history. Both force feedback control strategies produce similar values of RMS body 
acceleration and tyre force. This demonstrates that force feedback control can be implemented 
successfully using the measured force signal to determine the damper switching time (as per equation 
4.14b), without the need to measure suspension velocity as well.

Fig. 26.7 Comparison of the force tracking performance of the open loop damper controller and the force feedback 
(velocity) controller. From [56].

(a) Control voltage (b) Damping force
----------  Fbrce feedback (velocity) controller .............  Open loop controller
.............  Demanded voltage ----------- Fbrce feedback (velocity) controller

................Demanded force (force feedback)

The damper force and tyre force responses from the HiL measurements were also found to agree 
closely with the simulation, although these results are not shown (see [53] for details).

Overall, open loop damper control has higher speed response because is not affected by the transport 
delay associated with measuring and processing the damping force. This improves the dynamic 
performance of the vehicle. The force tracking performance is, however, influenced by temperature 
and/or by damper wear. A velocity transducer, a reasonably good ’look-up table', (eg the damping- 
voltage model, equation 4.10), and perhaps a temperature sensor are necessary to implement the 
open loop control method. This is simpler than the force feedback control, which requires a force 
transducer, and it was found to provide superior performance to force feedback damper control for



SEMI-ACTIVE SUSPENSIONS 489

almost all tests performed. The advantage of feedback control is that the tracking performance of the 
damper is not affected by temperature changes, or by damper wear.

It was found that the tracking performance of the semi-active damper could be improved by 
increasing Cmax in equation 26.5, and hence demanding a larger force than the nominal level. This 
change in control law caused the damping force to increase more rapidly and thereby increased the 
speed of response, compensating for time delays inherent in the hardware. The increased damper 
forces were found to reduce the dynamic tyre forces, particularly at the body bounce frequency, and 
did not affect the body acceleration. This gave better agreement between theory and experiment for 
the spectral densities (figures 26.5 and 26.6). Cmax = 55 kNs/m was found to be optimal' [53].

Throughout the remainder of this chapter, ’open-loop' control is used for the inner control loop, 
since this was generally found to provides superior vehicle performance.

Fig. 26.8 Comparison of the force tracking performance of the force feedback (force) controller and the force 
feedback (velocity) controller. From [56].

(a) Control voltage (b) Damping force
----------  Demanded voltage ----------  Force feedback (force)
............. Force feedback (force) controller .............  Force feedback (velocity)

Demanded force

26.5.2 On-Off Control

Less sophisticated controllable dampers than the one used in the tests may have only two states 'on' 
and 'off, instead of continuously variable damping characteristics. This section therefore compares 
the performance of 'on-off control with continuously variable SAMSD control. The damper control 
strategy was designed to approximate the continuous SAMSD control defined by equation 26.5, 
using a control voltage U as follows:
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fOV (on) when Fdvre, > 0,

U \-1 0 V  (off) when Fdvrel <, 0, (26 6)

wilh Fd = C m[a v re, + ( 1 - а ) у Ы1(1у}.

The on and off settings of the damper corresponded to passive damping values of: Cmjn «3 kNs/m 
(off), and Cmax » 40 kNs/m (on). The controller parameter Cm was set to 55 kNs/m. The tests 
were performed with the 'principal' road input (Table 4.2).

The trade-off between measured RMS body acceleration (BA) and RMS tyre force (TF) for MSD 
and on-off control is shown in figure 26.9 for varying a .  Dynamic tyre forces and body 
accelerations are minimised at a  = 0.15 for on-off control, compared with a  = 0.25 for continuous 
SAMSD control. On-off control achieves a similar minimum RMS tyre force to SAMSD control, but 
the minimum RMS body acceleration level is about 7% larger than the minimum for SAMSD.

Fig. 26.9 Conflict diagram for measured body acceleration and tyre force, with a  varying from 0 to 1 in equation 
26.6, principal road. From [97] x - SAMSD control, o = on-off control.

Fig. 26 10 Conflict diagram for measured RMS tyre force and RMS suspension deflection, with varying from 
0 to I in equation 26,6, principal road. From [97] x - SAMSD control, o * on-off control.
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The RMS tyre force and RMS suspension deflection responses of the two damper control law* are 
shown in figure 26.10. As the proportion of passive damping demanded, a , is increased, RMS 
suspension deflection is reduced. Large scatter of the RMS suspension delleclion measurements can 
be seen for on-off control. This is caused by the noisy damping force due to repeated switching. 
For minimum RMS tyre force, on-off control uses approximately 10% less suspension working 
space than continuous damper control. More information about on-off control can be found in [53].

26.5.3 Full State Feedback (FSF) Control 

Linear Optimal Control Theory

Linear optimal control theory has been used to investigate potential performance benefits of active 
suspensions. See [81] for a comprehensive treatment of the theory.

The equation of motion of a linear vehicle model with active suspension can be written:

x = A x  + B u  + Lv f (26.7)

y = C x  + D u . (26.8)

x is a vector of state variables, given by:

x = [ x r X2 X , X2 i , ] T . (26.9)

where xi is the absolute vertical displacement of the sprung mass, X2 is the absolute vertical 
displacement of the unsprung mass, and xr is the absolute vertical displacement of the road surface 
input. Vector u is the control input, Vf is a white noise disturbance input and y is a vector of 
system output variables.

The road surface is assumed to have a displacement spectral density function S(k) given by [497):

S0c) = - j^ - t  (26.10)

where So is a road roughness constant, к the wavenumber and y = 0.005 is a filter constant 

The matrices A, B, C, D and L are defined as follows:

The various combined system matrices for the road and vehicle model are as follows:

-2 ny 0 0 0 0 0
0 0 0 l 0 0

A = 0 0 0 0 1 B = 0
Ks +  Kt k Cs £i —Lm m m m m m

0 K! Ks Ci JLM M M M - L m J

L = [2*,/S^k 0 0 0 0]T

0 Kg Ç i Cg '
M M M M

c  = 0 -1 1 0 0 0 «

- K t K, 0 0 0

i l•i
o i

(26.П)

where the values of Klt Ks, C*, M and m are provided in Table 4.1.
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Assuming that all of the states of the vehicle system can be measured and fed-back, the control signal 
for Full State Feedback, u(t) (t is time) is the product of the state vector x and a gain matrix G:

u(t) = -  G x(t). (26.12)

The steady-state linear stochastic regulator problem consists of determining the controller gains 
(elements of G) which minimise a cost function J given by:

J = £  (xTQ x+ 2xTN u+ uTRu) dt, (26.13)

where Q, R and N are positive, symmetric, definite weighting matrices which are derived later. 
Solving this problem involves finding the solution, P, to the algebraic Riccati equation:

ATP + PA + Q -  (PB + N)R_1(BTP+NT) = 0 . (26.14)

The optimal control gains G are then calculated using:

G = R-HNT+BTP).

Suppose we define:

and Umax -  [P2 Fcntri"1]»

(26.15)

(26.16)

where amax, xmax, Flyre and Fcntri are arbitrary values assigning costs associated with body 
acceleration, suspension deflection, tyre force and control force; and pi and P2 are weights used to 
shape the controller design.

Then the weighting matrices Q, R and N can be calculated as follows:

Q = CT YmaxT YmaxC (26.17)

Una* + DT Y max^ Y max D (26.18)

N = CTY „axTYma,D . (26.19)

FSF Controller Design Procedure

The controller design procedure for Full State Feedback (FSF) described in the following assumes 
that the controllable suspension element is a 'perfect1 linear actuator capable of supplying and 
dissipating energy. The validity of this assumption is investigated later using tests on the real semi- 
active damper in the HiL rig.

1. The controller can be designed to minimise RMS body acceleration or RMS tyre force by 
specifying the parameter p i, which is used to determine the elements of the weighting 
matrices Q, R and N. Small values of pi produce a controller which minimises dynamic 
tyre forces while large values of p] result in a controller which minimises body acceleration. 
Intermediate values (p i* l) reduce both responses simultaneously.

2. The second weighting parameter P2 is used to adjust the RMS control force. The maximum 
demanded RMS control force is assumed to be Fcm ^. Having specified Fcmax and Pi it 
is necessary to select a starting value for P2 and some arbitrary reference values for body 
acceleration ащах. suspension deflection xmax, tyre force Ftyre and control force Fcntri. 
The optimal controller gain G can then be calculated using equation 26.15.

3. The RMS control force Fc is obtained from the product of the road input spectral density 
and the square of the transfer function relating the input to the control force. This force is 
then compared to the maximum allowed control force Fq ^ .
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4. Finally parameter fc  is adjusted, and steps 2 and 3 are repeated, until:

FC m ax-Fc~0  (26.20)

This procedure ensures that the control algorithm demands suspension forces that are achievable by 
the test damper. See Besinger [53J for a table of the controller gains for various values of the 
shaping weights pi and P2, and the case when Fcmax = 2.03 kN, (ie the 'optimal passive' value 
for the Principal road surface, Fcpass. listed in Table 26.1).

Theoretical FSF Responses

The theoretical RMS responses of the vehicle model on the principal road, with passive damping of 
30kNs/m (see Table 26.1) were used for the reference values amax, Ftyre and Fcntrl- (Passive 
damping of 30 kNs/m is near to the optimal value, see figure 26.4). Suspension working space was 
not considered to be an important constraint, which may be reasonable for lorry suspensions. The 
factor xmax was therefore set to a very large value so that the penalty factor associated with it 
became negligible.

Figure 26.11 shows simulated values of RMS tyre force and RMS body acceleration using FSF 
control. The values were obtained for values of the normalised RMS control force Fq , ^  between 
0.6 to 1.4 times the 'optimal passive' value of FpaSs = 2.03 kN in Table 26.1. pi was varied 
between 0.01 and 100. In this figure the RMS body acceleration and RMS tyre force were 
normalised by the RMS responses with optimal passive damping {ie values in Table 26.1).

Fig. 26.11 Theoretical conflict diagram for body acceleration and tyre force on a principal road, using Full State 
Feedback. Tyre Force and Body Acceleration normalised by die values for 'optimal passive’ damping 
(Table 26.1). From [97]
------------Contours of normalised RMS control force, Fcmax^Fpass
.............Contours of constant p i .

Consider the contour for Fcmax/Fpass » 1- If the controller is designed for minimum dynamic tyre 
force, ie setting pi =0.01 (point A on figure 26.11), the RMS tyre force and RMS body 
acceleration are reduced simultaneously by 26% and 29% of the optimal passive RMS responses. If 
the controller is designed to minimise body acceleration, (Pi = 100, Point B). the RMS body 
acceleration is reduced by 46%, but only at the expense of tyre force, which is increased by 10% of 
the optimal passive RMS value.
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Semi-Active Full State Feedback (SAFSF)

Semi-Active Full State Feedback (SAFSF) control is defined as:

u, when Fsvrcj > 0,

Fs ”  ICminVrd. when Fsvre, *  0, (26 21)

where u is the control input specified by equation 26.12. (Compare with SAMSD, equation 26.5).

RMS body acceleration and RMS tyre force responses were obtained for SAFSF control using HiL 
measurements. The damper force was controlled using SAFSF as per equation 26.21. 
Figure 26.12 compares RMS tyre forces and RMS body accelerations for various controller designs, 
for the principal road input. The figure includes measured and theoretical responses for a SAFSF 
controller designed with a RMS control force of = 1-0 and measured responses using a
SAFSF controller designed for a larger RMS control force of F c n ^ /F p ^  = 1.2. Finally, measured 
responses are presented for a SAFSF controller designed with F çmax/Fpass = 1A  but with an extra 
gain of 1.5 in the damping force demand signal. This extra gain was found to improve body 
acceleration performance significantly.

Fig. 26.12 Conflict diagram for body acceleration vs tyre force as a function of P i, with SAFSF. From [97] 
x = Theoretical SAFSF for Fcmax^pass = 10 
o = HiL measurements for Fcmax^Fpass = 10 
+ = HiL measurements for Fcmax^pass = 12
* = HiL measurements for Fcmax^pass = L0, with extra force gain of 1.5.

The results show reasonable similarity with the theoretical FSF curves in figure 26.11, except that 
for high values of pi, there is an increase in the measured body acceleration which is not consistent 
with the linear optimal control theory. For theoretical SAFSF (figure 26.12), minimum body 
acceleration occurs at pi = 1.5, not at fbe largest value of pi as would be expected for theoretical 
FSF (figure 26.11). This indicates that control laws designed to minimise body acceleration produce 
damping force demands which cannot be realised with a semi-active damper, because they require 
power input. Conversely, control laws designed to minimise body acceleration and tyre force 
simultaneously generate force demands that are better suited to semi-active dampers. Thus for a real 
damper, the established view that 'theoretical' SAFSF control gives the best possible semi-active 
control law {212J is not necessarily correct.
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The various controller designs in figure 26.12 achieved similar reductions in tyre forces, however 
large differences can be seen in the RMS body acceleration responses. In general the reductions in 
body accelerations achievable using SAFSF are smaller than those predicted using FSF. The 
experimental conflict curve for the SAFSF controller designed for F^j^/Fpass = 1.0 (o) shows 
significantly larger RMS body acceleration levels than predicted by the simulation (x). This is 
probably caused by measurement noise due to damper switching and may also be a function of the 
imperfect dynamic response of the damper. The measured responses for the controller designed with 
Fcmax^pass = I 2 (+) show little significant improvement in body acceleration response over the 
case for Fcmax/Fpass = 1-0 (<>)• Similar results were obtained for the other two road input 
conditions.

Figure 26.13 shows measured and simulated RMS damper forces for various SAFSF controllers. It 
can be seen that the RMS damper force increases with Fcmax/Fpass (as expected). The RMS damper 
force decreases with larger Pi (ie, as the controller design becomes biased towards minimising body 
acceleration). This is not expected, because for each value of Fcmax/Ppass» the FSF controllers are 
designed to have equal RMS damping force demands, irrespective of the value of P i. The reduction 
in RMS damper force occurs because the FSF control law requires the damper to input power into 
the system more often for higher Pi. As a consequence, the damper is switched 'off for longer 
periods, and so the RMS force level decreases.

Fig. 26.13 RMS damping forces for full state feedback control, principal road ioput. From [97J
............Theoretical FSF for Fcmax/Fpass = 1.0
x = Theoretical SAFSF for Fcmax^pass = 1.0 
o * HiL measurements for F rmar/Fp^« = 1.0 
+ = HiL measurements for Fçmax/Fpass = 1-2
* = HiL measurements for FCmax/Fpass -  1.0. with extra force gain of 1.5.

Mean square spectral densities for FSF controllers designed to minimise tyre force (Pi =0.01), are 
shown in figures 26.14a,b; and spectral densities for FSF controllers designed to minimise body 
acceleration (Pi=100) are shown in figures 26.15a,b. Each graph shows three cases: (i) theoretical 
FSF, (ii) theoretical SAFSF, and (iii) measured SAFSF (HiL rig). All controllers are designed for 
the case when Fcmax/Fpass = 1 -

Comparing the theoretical FSF responses on each graph ( ), it can be seen that the theoretical
RMS tyre force (area under the spectral density curve) is smaller for pi=0 01 (figure 26.14b) than 
for pi=100 (figure 26.15b). Conversely, the RMS acceleration for FSF control is smaller for
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Pi=100 (figure 26.15a) than for Pi=0.01 (figure 26.14a). These results follow directly from the 
FSF design procedure.

Comparison Between FSF and SAFSF Responses

Comparing FSF (.....) and theoretical SAFSF ( - - - - )  on figures 26.14 and 26.15 shows the
consequences of using a semi-active damper instead of an ideal actuator. The differences between 
these two responses are a consequence of the damper not being able to track the desired control force 
when power input is required, and not having zero minimum damping (equation 26.21).

Significant differences in the FSF and theoretical SAFSF body acceleration responses occur at the 
body bounce frequency for both values of Pi (figure 26.14a, 26.15a), whereas these two responses 
are very similar at the wheel hop frequency.

Fig. 26.14 Mean square spectral densities for FSF control designed for minimum tyre force (0 i =0.01 ).
(a) Body Acceleration, (b) Tyre Force. From (97J
............ Theoretical F S F ;...............Theoretical SAFSF; ------------- Measured SAFSF (HJL)
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The FSF and theoretical SAFSF tyre forces show similar effects at the body bounce frequency 
(figures 26.14b and 26.15b), however, there is a dramatic difference between these responses at the 
wheel hop frequency for Pi=100 (figure 26.15b). It is apparent that the control strategy for 
minimising body acceleration (01= 100) requires large amplitude tyre forces at the wheel hop 
frequency. The theoretical semi-active damper is not able to generate the required forces, and 
consequently, the tyre forces for theoretical SAFSF are much less than for FSF. It is interesting to 
note from the body acceleration responses in figure 26.15b, that the theoretical semi-active response 
(SAFSF) is almost the same as the theoretical active response (FSF) in the range of wheel hop 
frequencies, despite the large discrepancies in the tyre forces.

Fig. 26.15 Mean square spectral densities for FSF control designed for minimum body acceleration <01* 100). 
(a) Body Acceleration, (b) Tyre Force. From [97]
.............Theoretical FSF !
.............Theoretical SAFSP ;
------------Measured SAFSF (HiL) !
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Comparison Between Theoretical and Experim ental SAFSF Responses

Comparing theoretical and experimental SAFSF on figure 26.14 and 26.15 shows the consequence 
of using a real semi-active damper instead of an ideal' (theoretical) semi-active damper. The 
differences are mainly due to the dynamic response of the damping valve, the delay in generating the 
demanded force; and noise present in the measurements, which particularly affects the body 
acceleration responses.

The main effects of the damper imperfections occur at the body bounce frequency, particularly for 
Pl=100 (figures 26.15a,b). A similar effect can be observed on the body acceleration response at the 
wheel hop frequency for Pi =0.01 (figure 26.14a). In each case the measured response is higher 
than the theoretical response, indicating that the real semi-active damper generates a lower effective 
level of damping than the theoretical damper.

In practice it was found that increasing the force feedback gain in the HiL rig by a factor of 1.5 (as 
shown in figure 26.12) partially compensated for the non-ideal response of the real damper. This 
significantly decreased the differences between measured and theoretical SAFSF spectral densities at 
the body bounce frequency and the wheel hop frequency, for both body acceleration and tyre forces 
responses. (See [53] for results and discussion).

HiL measurements were also performed for the other road inputs described in Table 4.1 ('motorway' 
and 'minor road ). In general the results were similar to those for the 'principal road' input described 
above. One noticeable difference was that the measured responses improved on the rougher minor' 
road input relative to theoretical SAFSF responses. This was because of the nonlinear 'stiffening' 
force-velocity characteristics (see figure 4.23) which gave higher damping for the higher velocities 
experienced on the rougher road.

26.5.4 Modified Skyhook Damping vs Full State Feedback

RMS suspension deflection, RMS body acceleration and RMS tyre force for SAMSD and SAFSF 
control are compared in figures 26.16a*b for the principal road input. In each case, the control law 
has an optimised feedback gain. For SAMSD, this was achieved by setting Cmax=55kNs/m in 
equation 26.5 (instead of the nominal 40kNs/m), and in the SAFSF case, it was achieved by 
multiplying the force feedback signal by 1.5.

It can be seen that full state feedback control (SAFSF) generally uses more suspension working 
space for equal levels of RMS tyre force and RMS body acceleration, except at very low values of a, 
where SAMSD uses more suspension working space. Designing the full state feedback controller 
for minimising body acceleration (high values of P i) always results in increased suspension 
deflections.

For pi=0.01 in the SAFSF controller (figure 26.16b), the RMS tyre force is lower than for the 
SAMSD controller for any value of a . However, the body acceleration generated by the SAFSF 
controller is relatively high at this value of p i (figure 26.16a). Similarly, for P i=2.5, 
(corresponding to a suspension deflection of 4.6mm), the body acceleration generated by the SAFSF 
controller is less than at any point on the curve for the SAMSD controller. Thus if the suspension 
controller is designed to minimise either body acceleration or dynamic tyre force, full state feedback 
control is the better strategy. However, if it is desired to minimise both body acceleration and tyre 
force simultaneously, then SAMSD provides better overall performance, when a  = 0.25. The same 
result was found for the other two road input conditions.

26.5.5 Theoretical Road Damage

Assuming that the dynamic tyre forces have a Gaussian probability density function and are 
randomly distributed along the road, the road damaging potential of a vehicle can be estimated from 
its dynamic tyre forces using the road stress factor' Ф defined in equation 17.12.
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In practice it is found that peak dynamic tyre forces generated by heavy vehicles often occur 
repeatedly at specific locations along the road surface (see [130]). Hence road life is likely to be 
governed by damage at these locations, and the influence of dynamic tyre forces may be substantially 
greater than estimated by equation 26.22. For a single axle vehicle model, the effects of these peak 
loads can be quantified using the 95th percentile level of the dynamic road stress factor J which is 
given by equation 24.1.

Fig. 26.16 Comparing HiL measurements of SAMSD and SAFSF control for a principal road. From [97]
(a) Conflict diagram for suspension deflection and body acceleration.
(b) Conflict diagram for suspension deflection and tyre force.
x = SAFSF with FcnW Fpass = 1.0, and feedback gain scaled by 1.5 
o = SAMSD with Cm = 55 kNs/m

In order to evaluate the reduction in road damage, the dynamic loading coefficient (s) and 'road 
damage’ J (95th percentile fourth power force, from equation 24.1) were calculated from the results 
of the HiL measurements for the three road input conditions. To provide a realistic basis of 
comparison, the dynamic load coefficients were scaled to a common vehicle speed of 80km/h for all 
three road surfaces. (This was necessary because it was not possible to run the HiL apparatus at 
80km/h for the 'minor' road. The scaling procedure is described in detail in [53].) The road damage 
criteria were then compared with the results for the same conditions with upumai passive damping.

The results are shown in Table 26.2. It can be seen that semi-active damping is most effective for 
reducing road damage on rough (minor) roads. For a vehicle travelling on a minor road and fitted
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with semi-active suspensions, using the SAFSF control strategy, the damage J would be reduced 
by 19.1%. For smooth motorways at 80km/h, the benefits of sem i-active suspensions are 
considerably less.

Suspension System Road Input D LC (s) % reduction % reduction П
at 80km/h D L C (s) J II

Motorway 0.044
Optimal Passive Principal road 0.109

Minor road 0.188
SAMSD 1 Motorway 0.038 13.4% 3.6%
(Modified Skyhook 1 Principal road 0.093 14.2% 8.3%
Damping) J Minor road 0.159 15.7% 14.0%
SAFSF 1 Motorway 0.035 21.2% 5.7%
(Full State 1 Principal road 0.086 21.0% 12.2%
Feedback) 1 Minor road 0.147 21.8% 19.1%

Table 26.2 Reduction in dynamic load coefficient s and the road damage J, for semi-active damping compared with 
optimal passive damping. Data from HiL measurements.

26.6 M ORE SOPHISTICATED CO N TRO L STRA TEG IES

Considerably more sophistication can be incorporated in the control strategies, particularly if vehicle 
models with more than one axle are considered. Kitching et al [285] investigated various control 
strategies for optimising the response of a two-axle (4-DOF) 'pitch-plane' rigid truck model as 
shown in figure 26.17. They concentrated on benefits that could be obtained by feeding-forward 
information from the leading axle to the controller of the trailing axle suspension (this has been 
termed 'Preview' control). Kitching et al tested a semi-active hydraulic damper that was developed 
specifically for heavy vehicle applications [284] and used the hardware-in-the-loop method to 
measure the performance of the control strategies [283].

They found that the 20ms to 30m* time delay that was measured in the transient response of their test 
damper (largely due to compressibility of the hydraulic oil) caused a significant degradation in the 
performance of the Preview control strategies. They therefore developed a Phase-Lag Compensation 
'PLC strategy, which involved predicting the demand force required from the damper a short time 
before the force is required. This was achieved by using a prediction model with a wheelbase that 
was shorter than the HiL model by a distance tcV, where tc is the compensation time and V is the 
speed (figure 26.18). Vehicle parameter values were chosen appropriately (see [283]). The PLC 
model incorporated a simple ideal model of the semi-active damper. Kitching measured the best 
phase lead time tc, to be approximately the same as the lag time of the damper, ie 20-30m*.

A summary of the improvements obtained with the prototype damper relative to an optimised passive 
suspension, for the four-DOF HiL simulations* is presented in figure 26.19. Figures 26.19a-c show 
the results for three random road profiles, while figure 26.19d shows the results for a smoothed step 
('ramp') input. Each figure shows the benefits of using SAMSD control, Optimal Preview Control, 
and Preview + PLC - using tc = 20m*.

The benefits available through PLC for reducing the RMS body acceleration of the HiL vehicle are 
encouraging for both random and transient road profiles. The improvements achieved in terms of 
RMS tyre force and working stroke were disappointing. However, using more sophisticated models 
of the prototype semi-active damper in the PLC model could be expected to improve these aspects of 
PLC. The benefits of PLC can be seen to be greater in the case of a transient input (figure 26.19d).
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Fig. 26.17 The four-DOF HiL heavy vehicle tractor unit model, used by Kitching et al {283] to test suspension 
control strategies.

fr__________ a

Fig. 26.18 Structure of the four-DOF HiL simulations with the four DOF Phase-Lag-Compensation’ (PLQ vehicle 
model, after Kitching et al [283].
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% reduction relative to an Optimum Non-Linear Passive Suspension

g. 26.19 Summary of the measurements with the prototype semi-active damper using a four DOF HiLICS 
All criteria with the exception of road damage relate to the measurements at the drive axle only 
12831. (aj Motorway; (b) Principal road; (c) Minor road; (d) Filtered step (ramp).
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26.7 CONCLUSIONS

The key findings of Besinger's study [97], [56] are summarised as follows:

(i) The semi-active damper was found to track the demanded force well, using an 'open loop' 
force control strategy. The tracking was improved by demanding a larger force than the 
nominal level, thereby increasing the speed of response, and the overshoot.

(ii) For the conditions investigated in this study, using Semi-Active Modified Skyhook Damping 
(SAMSD) control, RMS tyre force and RMS body acceleration could be reduced 
simultaneously by at least 13% and 22% of the responses for optimal passive damping.

(iii) On-off damping control was found to achieve reductions in RMS tyre force comparable to 
continuous SAMSD damper control with less working space usage; however, the body 
acceleration levels produced were larger.

(iv) Minimum RMS tyre forces are achieved for SAFSF controllers weighted to minimise 
dynamic tyre forces. However, minimum body acceleration is not achieved for a SAFSF 
controller weighted to minimise body acceleration, because the control law requires frequent 
power input which the semi-active damper cannot provide. The minimum body acceleration 
occurs for controller designs with an intermediate weighting. This questions the established 
view that SAFSF control gives the best possible semi-active performance.

(v) Using SAFSF control it was found that RMS body acceleration and RMS tyre force could be 
reduced simultaneously by 28% and 21% of the values for optimal passive damping.

(vi) If either dynamic tyre forces or body acceleration is to be minimised individually, SAFSF 
control gives better performance than SAMSD control. However, if tyre force and body 
acceleration are to be minimised simultaneously, SAMSD control is a good choice.

(vii) Semi-active dampers are more effective in reducing dynamic tyre forces (and the resulting 
road damage) on rough roads than smooth ones. In this study it was predicted that at the 
worst 5% of locations along the minor road, road damage could be reduced by 14% -19%.

The key findings of Kitching's study [283] are summarised as follows:

(i) The theoretical benefits of Preview control for semi-active suspensions were partially 
achieved experimentally. Relative to an optimised non-linear passive suspension, Preview 
control improved the RMS body acceleration at the drive axle by 15.4%, 18.2% and 16.2% 
for the HiL simulations over the motorway, principal and minor roads respectively.

(ii) It was found that the demanded phase-lead-compensated damping force for the semi-active 
damper could be predicted with reasonable success, using a shortened-wheelbase model. 
The best performance was measured with a compensation time of approximately 20ms, 
which agreed with the known time delay of the damper.

(iii) For the motorway and principal road simulations PLC reduced the RMS body acceleration ai 
the drive axle by 7% and 4% respectively, relative to the optimal measurements without PLC. 
A deterioration of 2% was measured for the minor road. For a filtered step input, the peak 
and RMS body accelerations at the drive axle were reduced by 25% and 20% respectively 
compared to the measurements without PLC.

(iv) It was found that there was little to be gained through PLC with respect to reducing the RMS 
dynamic tyre force and suspension working stroke. Increasing the accuracy of the prediction 
model is expected to improve this aspect of PLC.

Some sort of phase lag compensation approach is necessary in order to achieve the full potential
benefits of semi-active dampers on heavy vehicles. From a practical viewpoint, if PLC can be
shown to work successfully on real vehicles then it may become possible to reduce the complexity of
the damper hardware without degrading the performance of the system significantly.
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27.1 SUMMARY

This chapter is concerned with assessing the road-damaging potential of dynamic tyre forces 
generated by articulated heavy goods vehicles. The European suspension assessment test is 
reviewed. Various testing factors are discussed, including: (i) general testing methodologies; (ii) 
road damage issues such as spatial repeatability’ of dynamic tyre forces and road damage criteria; 
(iii) vehicle response issues, such as test duration and data sampling details, road roughness, testing 
speed and wheelbase filtering. Various conclusions are drawn about the requirements for objective 
suspension assessment.

This chapter makes use of work published previously in [118] and [372],

27.2 INTRODUCTION

This part of the book is concerned with assessing heavy vehicles for 'road-friendliness'. This is an 
important topic, for the highway agencies which are involved in setting and enforcing vehicle 
regulations, and for the vehicle industry which has to satisfy these regulations. This part comes near 
to the end of the book because it requires knowledge of both vehicle and pavement effects.

Legislation has been in place for many years limiting the static weight of whole vehicles and 
individual axles. During the last decade regulations controlling dynamic tyre forces been introduced 
[52,444,446], A particular problem with regulating dynamic tyre forces is devising suitable vehicle 
testing procedures which reflect the road-damaging potential of the vehicles. An assessment 
procedure should be objective, and not design restrictive.

There are three main scenarios for 'road-friendliness' assessment testing:

(i) A small number of representative vehicles can be tested by research agencies and the results 
used by government to develop regulations which encourage the use of particular generic 
suspension types. An example is the regulation in favour of air suspensions in the European 
Community [32],

(ii) A 'type approval' test can be used to assess the main vehicle (or suspension) models or 
variants produced by each manufacturer, when they are first introduced. The costs of 
performing such tests would usually be carried by the manufacturers.

(iii) An annual inspection can be used to assess every heavy vehicle. This type of testing can be 
coupled with spot checks by the roadside. The costs of performing annual inspections are 
usually be carried by the operators.

Scenario (i) inevitably leads to design-restrictive regulations which prevent the operation of a free* 
market for suspensions. It is, however, cheap to implement because only a few vehicles need to be 
tested. Scenario (ii) is not design restrictive, but can lead to vehicles which pass the test when new
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and well maintained, but have poor performance after a period of operation. The testing is of 
moderate cost. Scenario (iii) is good from a technical viewpoint, because it ensures that vehicles are 
always well maintained {eg the dampers work). Depending on the details of the test, it can be very 
expensive - because of the large infrastructure needed to test many vehicles.

This chapter reviews some of the main technical issues concerned with assessing the road damage 
caused by dynamic tyre forces of heavy vehicles.

27.2.1 Requirements for Suspension Assessment
Whatever assessment procedure is chosen, the test itself should be objective, and not design- 
restrictive. As a consequence of the basic characteristics of dynamic tyre forces, (see Section 7.4); 
and other information about vehicle-road interaction, (See Chapters 18 and 19), it is possible to state 
a set of requirements which should be satisfied by an assessment procedure, if it is to be objective. 
These are listed in Table 27.1.

1 Account for the effects of tyre and axle arrangements and static load sharing as well as 
dynamic loading performance.

2 Account for the nonlinearity of suspension components.

3 Be conducted for representative conditions of speed and road roughness.

4 Account correctly for the sprung-mass distribution, sprung mass geometry, and wheel
base filtering effects.

5 Account for the effects of all axles of the vehicle on the pavement.

6 Account for the effects of spatial repeatability of dynamic pavement loads.

7 Account for the dynamic interaction between the suspensions of tractors and trailers.

8 Resolve/sample conectly both high and low frequency dynamic tyre forces.

9 Utilise statistically significant samples of tyre force time histories.

10 Be based on assessment criteria which reflect the potential of the vehicle to inflict fatigue 
and Rating damage to representative pavement structures.

Table 27.1 Criteria for an objective assessment test for 'road-friendliness'.

The 'ideal* way to assess the road-damaging potential of a heavy vehicle (following all of the ten 
requirements in Table 27.1) would be to measure the distribution of damage (permanent deformation 
and fatigue cracking) due to its passage over a standard test road at various speeds. Appropriate 
statistics of the measured damage (eg peak values) would be used to rate the vehicle. Such a test is 
not practical, because the incremental damage done in a single pass over a road surface is too small. 
There are, however three related quantities which could, in principle, be measured during a vehicle 
test: (i) the primary response of a test pavement (stresses, strains, displacements); (ii) dynamic tyre 
forces; and (iii) vehicle suspension parameters.

27.2.2 Measurement of Primary Pavement Responses
If primary pavement responses were measured and used to infer road damage, then it would be 
necessary to build a standard test road with sufficient buried instruments {eg asphalt strain gauges) to 
provide a statistically reliable measurement of the influence of the vehicle. The number and spacing 
of instruments would be governed by the speed of the vehicle and the frequency content of the 
dynamic tyre forces. This would dictate an arrangement of sensors somewhat like the arrangement 
of wheel force transducers in the 'load measuring mat', described in Section 7.3.2. The test would 
therefore require many buried strain gauges, at approximately 0.4 m (16 in.) intervals along the 
road.
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The primary responses measured at each of the strain gauges would be converted into theoretical road 
damage using known road material fatigue and permanent deformation properties. The resulting 
theoretical damage distribution would be analysed statistically, to assess the effects of various vehicle 
parameters and to compare vehicles.

Unfortunately this approach would have a number of experimental difficulties, the most serious of 
which is the sensitivity of pavement response to construction details and environmental factors such 
as temperature and moisture. The test would produce very different results depending on the test 
pavement, the environmental conditions, and wheel path tracking. It would not be a reliable way of 
comparing vehicle suspensions, particularly if the test had to be standardised and performed in 
several different locations. Thus an objective assessment procedure needs to be based on 
measurement of dynamic tyre forces or vehicle suspension parameters.

27.2.3 Testing Methodologies
Table 27.2 gives an overview of various methods available for assessing the relative road damaging 
potential of heavy vehicle suspensions, based on dynamic tyre forces or suspension parameters. The 
columns are divided into tests of single axles (such as the drive axle), and tests of whole vehicles. 
The most realistic test will include all axles of a vehicle, because all axles interact, and contribute to 
road damage to some extent [96].

Single axles Whole vehicle

Di
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ct
m

et
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ds

Single axle shaker rig 
[151. 152, 502]

Instrumented axle 
[214, 406, 443, 491, 505]

Primary road response 
[108,213. 276]
Instrumented vehicle [117,335] 
Road simulator [209,244)
Load measuring mat [374,375]

In
di

re
ct

m
et

ho
ds

Parametric test [32] 
Design-based criterion 
[444, 483, 492]

Linear mathematical model 
[57, 371,373]
Non-linear mathematical model
[371, 373]

Table 27.2 Methods of assessing 'road-friendliness'.

The rows of Table 27.2 are divided into 'direct' and 'indirect' test methods. Direct test methods are 
those where a tyre force or road response history is recorded directly for the vehicle subject to a 
realistic road roughness. Indirect test methods involve a simple test to characterise the vehicle/axle 
dynamics in some way, and from this test, road damaging potential is predicted. Table 27.2 shows 
currently used and possible future test methods, and previous research into each method. Cost, 
complexity and accuracy generally increase from the bottom left to top right of the table.

Tests on Single Axles using Indirect Methods

Current legislation falls into the category of indirect tests, measuring single axles (bottom left of 
Table 27.2). Two test methods are noted: 'parametric' tests and 'design-based' criteria (or ’type 
approval' tests). De$ign*based criteria have been in existence for a number of years, and arc the 
simplest form of assessment. Certain types of suspension group are either banned (as in Australia 
[444]), or given a reduced weight limit (as in Germany [483] and the UK [492]).

Parametric tests measure vehicle parameters such as natural frequency and damping ratio. This 
type of test was introduced in European [32]. A suspension is considered to be Toad friendly' if its 
'natural frequency' is less than 2Hz and its 'damping ratio' is 0.2 or more, with at least half of the
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damping generated by hydraulic shock absorbers. The testing procedure can provide some 
information about suspension performance, but there is no clear relationship between the measured 
parameters and road damage [118].

The European test is discussed in detail later in this chapter, where it is concluded that it is not a 
reliable way to assess suspensions for ’road-friendliness’. The same conclusion is likely to apply to 
most other single axle parametric tests, because they do not satisfy objectivity requirements 1-5,7 
and 10, listed in Table 27.1.

Tests on Single Axles using Direct M ethods

Direct tests on whole vehicles can most easily meet the criteria specified in Table 27.2, as the testing 
conditions most nearly represent those on the highway. However, they are also the most expensive. 
Direct tests on single axles, and indirect tests on whole vehicles provide compromise solutions.

One method of carrying out direct tests on single axles is to instrument the axles, using strain gauges 
and accelerometers, or special wheel hubs to measure the dynamic tyre forces [96]. Various 
experimental studies of this type have been performed under controlled conditions using specially 
prepared heavy vehicles. Most of these instrumented vehicles were tested on test tracks [214,302, 
337,505], although some were tested on public roads [443]. This approach to vehicle assessment 
has the advantage of relative simplicity and low cost when testing a small number of vehicles. The 
researchers generally concluded that soft, hydraulically damped suspensions (air or torsion bar) 
generate lower levels of dynamic forces than stiff suspensions with friction (steel leaf springs). 
Consequently, they inferred that air and torsion bar suspensions are more 'road friendly’ (see 
Chapter 7 for details).

An alternative test method investigated by de Pont [152] is to use a hydraulic actuator to excite one 
axle of a heavy vehicle in an attempt to recreate the dynamic tyre forces measured for that axle on a 
typical road. However, this method has a number of experimental difficulties, mainly due to the fact 
that it is not possible to excite all of the important modes of vibration of the vehicle correctly, using 
just one input actuator.

It was shown in Chapter 19 that direct tests on single axles can give erroneous conclusions about the 
ranking of suspensions in terms of road-friendliness'. They also fail to satisfy objectivity 
requirements 1,4, 5 ,7  listed above.

Tests on Whole Vehicles using Direct M ethods

To overcome the experimental difficulties with pavement-based instrumentation, but still assess the 
vehicles in terms of road damage, it would be possible to simulate the primary responses of an 
instrumented test road, using a procedure rather like the 'single pass' road damage calculation shown 
in figure 17.16. A set of measured dynamic tyre forces could be used as input to a computer model 
of the primary response of the road, or simpler road-damage-related performance criteria {eg 
weighted aggregate forces). The computer model would calculate stress or strain time histories at 
particular locations along the road and these would be converted into theoretical road damage as 
described in Section 17.4.2. This approach has the advantage of comparing vehicles in terms of 
theoretical road damage using the response of a standard test road, but does not have the 
experimental problems associated with measuring primary pavement responses directly. Such a test 
could be designed to meet most of the objectivity criteria in Table 27.1.

It would be necessary to measure the tyre forces generated by all of the axles along one side of the 
test vehicle as it drove along a test road. Many vehicles would probably have to be tested. Such 
measurements could be performed in three ways:

(i) Using vehicle mounted instrumentation [117, 335]. This is impractical for testing many 
vehicles, as it requires three or four channels of instrumentation for every axle [96].

(ii) Using a 'road simulator’ (hydraulic testing machine) to test the vehicle in the laboratory. This 
has the advantage of providing a variety of repeatable, standard testing conditions, and does
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not require any on-vehicle instrumentation, so many vehicles can be tested relatively easily. 
The main disadvantage is that road simulators with sufficient actuators to excite all wheels on 
an articulated vehicle simultaneously (10 or 12) are expensive to purchase and run. Setting 
up the road simulator for each vehicle can be time consuming.

(iii) Using wheel force sensors attached to (or buried in) the road surface. This has the major 
advantage that tyre forces generated by all axles of the vehicles can be recorded, and many 
different vehicles can be tested rapidly, without having to instrument each one, or mount each 
one on a road simulator. One such system is the 'wheel load measuring mat' described in 
Chapters 7 and 8.

A number of important conclusions about using single-pass road damage calculations for suspension 
assessment can be found in Chapter 19.

Indirect Testing of Whole Vehicles

The final category of test in Table 27.2 is indirect testing of whole vehicles. The concept is to 
perform a simple laboratory test on each axle of the vehicle, to measure its dynamic characteristics. 
This information is then used to generate a numerical model of the response of the whole vehicle to 
typical road roughness inputs. In principle, this method has the advantage of requiring relatively 
simple and low cost laboratory testing equipment, and yet can provide sufficient information to 
assess the road-damaging potential of the whole vehicle, and satisfy all of the objectivity criteria in 
Table 27.1. Various methods, both linear and nonlinear, have been proposed for achieving this. 
They are described in Chapter 29.

27.3 THE EUROPEAN SUSPENSION TEST

The measurement of suspension parameters, such as 'natural frequency' and 'damping ratio' can 
provide some information about suspension performance, but there is no clear relationship between 
these parameters and road damage. For some suspensions, however, the body bounce frequency 
(measured from the wheel force spectrum) can be correlated with the Dynamic Load Coefficient, see 
figure 27.1, from Gyenes et al [210].

Measurement of 'natural frequency' and 'damping ratio’ is difficult, because: (i) the vehicle response 
is inherently non-linear and the measured frequency and damping depend on the magnitude of the 
input (Section 7.4.4); (ii) many different natural modes of vibration contribute to the dynamic tyre 
forces, depending on the speed of the vehicle: there are several important 'natural frequencies' 
(Section 7.4.5); (iii) there is no reason to believe that a particular transient input will excite the 
natural mode(s) that dominate the generation of dynamic tyre forces for a given highway speed.

Nevertheless, parameter measurement is the approach that was introduced by the Commission of the 
European Community (EC) for determining whether a suspension is 'equivalent' to an air 
suspension. (Air suspensions on the single drive axles of tractors are allowed to carry an extra tonne 
of load.) The test is described in Council Directive 92Л/ЕЕС [32]. The author of this directive 
[52] noted that this approach was considered to be a first step towards assessing vehicles for ‘road 
friendliness.' The procedure is not based on measuring road damage, nor on measuring dynamic 
tyre forces under realistic conditions.

The European test involves deducing a single resonant frequency and damping ratio from the 
measured suspension deflection of a tractor drive axle, during a transient event. The transient motion 
can be excited in one of three ways [52]:

(i) Drive the vehicle slowly off an 80 mm step;
(ii) Pull the chassis down to increase the drive axle tyre force by 50%, then suddenly release:
(iii) Lift the chassis to increase the spacing between the drive axle and chassis by 80mm, then 

suddenly release.
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The 'resonant frequency' is deduced from the time separation of the first two compression peaks of 
the transient response time history. The 'damping ratio’ is calculated from the ratio of amplitudes of 
the same peaks. The Directive does not stale how the payload should be applied to the tractor.

To be ’equivalent' to an air suspension, a leaf spring suspension must have a resonant frequency less 
than 2.0 Hz and a damping ratio greater than 0.2, with at least half o f the damping being generated 
by hydraulic shock absorbers.

t )  Single drive axles

b) 2-axle semi-trailer bogies

Fig. 27.1 Relationship between body bounce frequency and dynamic load coefficient measured at 80 km/h (50mpb).
From (210).

The European test was simulated, using the validated non-linear articulated vehicle model described 
in Section 6.4, and using a modified version of this vehicle with an air suspension on the tractor 
drive axle (see also [118]). (Other relevant results for this same simulation study can be found in 
figures 7.8 to 7.10.) Figure 27.2 shows the results of the 80 mm step test on each vehicle. The 
drive axle suspension deflection histories are shown in figure 27.2a, and the corresponding 
spectral densities are shown in figure 27.2b. Figures 27.2c and 27.2d show the drive axle tyre 
force histories and spectral densities.
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(a) Drive axle suspension deflection history (b) Drive axle suspension deflection spectral density

(c) Drive axle tyre force history W) Drive axle tyre force spectral density

Fig. 27.2 Results of simulated European step tests (step height 80mm, vehicle speed 1.4ra/s «= 5mph), from [118].

For both vehicles, one frequency appears to dominate the suspension deflection spectral density:
1.5 Hz for the air suspended tractor and 2.2 Hz for the leaf sprung tractor. In practice, the vehicles 
have at least three important vibration modes. (These are shown in figure 7.8 for the same two 
vehicle models.) The three modes 'smear' together in the simple step test, depending strongly on the 
initial conditions or excitation. The test therefore yields some sort of average of the three main 
natural frequencies, and in general it is not possible to determine the frequency of any one mode from 
the measurements. Under normal operating conditions wheelbase filtering' effects will cause 
various modes of the vehicle vibration to be dominant, depending on the speed (see figure 7.9).

The tyre force histories of both vehicles show high frequency variations (due to wheel hop) which 
are not present in the suspension deflection histories. The suspension deflection cannot therefore be 
used to infer the dynamic tyre force response. The tyre force spectral densities show little evidence 
of the wheel hop modes because they do not make a large contribution to the overall mean-square 
response, despite affecting the peak forces significantly. Under normal operating conditions, the 
wheel hop mode can make a significant contribution to dynamic tyre forces, see figure 6.18. The 
step test clearly does not provide excitation in any way representative of a typical road profile.
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To determine the influence of payload configuration on the frequency determined from the European 
test an additional vehicle model was created from the leaf sprung vehicle (of figure 6.13). This 
model consisted of the leaf sprung tractor with a lumped mass attached to the fifth wheel coupling, 
instead of the laden semi-trailer. The lumped mass was chosen so that both vehicle models had the 
same static loads on the tractor axles.

Figure 27.3 shows four drive axle suspension deflection histories. Two of the curves correspond to 
the original tractor + semitrailer model subjected to an 80 mm step test and a 20 mm step test. The 
other two curves correspond to the same tests on the tractor + lumped mass model. An average 
frequency was 'measured' from each deflection history from the time separation of the first two 
compression peaks, as prescribed by the European Directive. The frequencies are shown in 
Table 27.3.

Fig. 27.3 Effect of step height and payload configuration on drive a*le suspension deflection history.

------------  tractor + semi-trailer, 80mm step (2.1 Hz)
--------------tractor + lumped mass. 80mm step (1.9Hz)
................... tractor + semi-trailer, 20ram step (2.4Hz)
------------  tractor + lumped mass, 20mm step (2.1Hz)

The average frequency deduced from the step test was found to depend on the configuration of the 
payload on the tractor. By removing the laden semi-trailer and replacing it with a lumped mass, the 
frequency was found to decrease from 2 .1 Hz to 1.9Hz. The suspension would therefore pass a 
2.0Hz assessment criterion if tested with a lumped mass, but would fail if fitted with a laden semi
trailer. This effect occurs because the natural vibration modes that are excited in the step test involve 
pitching of the semi-trailer (see figure 7.8). Therefore the measured frequency depends on the 
moment of inertia of the semi-trailer as well as the static load applied to the fifth wheel coupling. 
The European Directive does not prescribe the loading conditions for the tractor,

The frequency deduced from the step test was also found to depend on the step height. In reducing 
the step height from 80 mm to 20 mm, the frequency of the tractor + lumped mass model was found 
to increase from 1.9 Hz to 2.1 Hz. The suspension would therefore pass a 2.0 Hz assessment 
criterion if tested (with a lumped mass) on an 80 mm step, but would fail if tested on a 20 mm step.
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This dependence of frequency on excitation amplitude is caused by the non-linear, hysteretic 
characteristics which are typical of leaf spring suspensions (see Section 4.3).

Step height Tractors
Semi-trailer

Tractor+ 
Lumped mass

80mm 2.1Hz 1.9Hz

20mm 2.4Hz 2.1Hz

Table 27.3 Frequencies determined from simulated European step tests on leaf-sprung vehicles (see figure 27.3).

It can be concluded that the European parametric test is not a reliable way to assess suspensions for 
’road-friendliness’. When this fact is combined with uncertainties concerning the economic 
importance of dynamic loads on road damage in Europe (Chapter 21), it seems doubtful that the new 
European legislation should every have been introduced.

27.4 VEHICLE RESPONSE ISSUES

A number of experimental issues need to be resolved for any assessment test that utilises direct 
measurements of dynamic tyre forces under field conditions. These issues are examined in more 
detail in the following sections. The emphasis is on tests utilising pavement-based instrumentation, 
(eg the load measuring mat described in Section 7.3.2). However, the issues are relevant to any 
'direct' assessment test.

27.4.1 Sampling Frequency
For heavy vehicles, the highest frequency of interest in the dynamic tyre forces is due to wheel-hop 
vibration. This frequency /high* is normally in the range of 10 Hz to 18 Hz. For vehicle-mounted 
instrumentation, dynamic tyre force signals should be sampled at a frequency at least twice the 
maximum frequency of interest, ie at least 36 Hz. This presents no problem to conventional data 
logging systems. However, for sensors mounted in the road surface (eg in a load measuring mat), 
the spacing between sensors must be small enough to record this frequency. If the vehicle speed 
over the sensor array is V for dynamic tyre forces at /high to be resolved correctly, the sensor spacing 
A must be A й V ! 2 f high. The maximum acceptable spacing is therefore limited by the minimum 
speed at which vehicles are to be tested. For a minimum speed of 50 km/h (14 m/s) this gives a 
spacing A of approximately 0.4m.

27.4.2 Test Duration and Test Track Length
A highway can be considered to be a random road surface of infinite length. A finite length test site 
with the same nominal roughness statistics will not give the same average assessment results as the 
infinite length road, due to the limitation of the finite length process [50]. This will lead to variability 
of results between test sites which will increase for shorter test section lengths. This aspect of test 
section length is important for ensuring the repeatability of tests between different test sites, and for 
accurately relating the results of a lest to highway conditions.

It is possible that a limited number of specific test surfaces of precisely known profile could be 
employed for vehicle assessment. However, using a short deterministic road profile may influence 
the ranking of vehicles in an unpredictable way. The following conclusions on required test track 
length are based on the assumption that the test track will be a sample from a stationary Gaussian 
random process [157].
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Provided that a long enough signal is considered, a dynamic tyre force history fit) can be regarded 
as a stationary random process [214, 405, 443]. Assuming a Gaussian probability distribution 
(Section 7.4.1), the 95th percentile level of tyre force / w%(/) is given by

/ 95% (0  = m y(f) +  1.645<Xy(0. (27.1)

where oj(r) is the standard deviation of the tyre force, measured for time /, and 
m /r) is the mean value of the tyre force measured for lime r.

This quantity is important because it is often hypothesised that road damage done by peak dynamic 
tyre forces (rather than average values) causes the road to fail (see Section 17.4).

The variance of mj(t) has been shown to be smaller than the variance of af(t) [370], and it can 
be ignored as a first approximation, if the number of data points in the sample being analysed is 
large. Taking the static load to be /static* and the mean square value of the dynamic component of 
the tyre force to be y f (r) gives

/9 5 % «  = fsmic + 1 .6 4 5 ^ ¥ Й 0 . (27.2)

y  f(i) has a y} probability distribution, which will approximate a Gaussian distribution for a large 
number of data points [216]. The range within which 95% of data points lie is therefore given by

/* 5*  W *  faiaic ± 1.98-7 M V  F(0 ] .  (27.3)
where \jfF is the true mean square dynamic tyre force, and

M ' M o ]  is the variance of the mean square dynamic tyre force.

Equation 27.3 was tested using simulated runs of a quarter car vehicle model travelling at 22m/$ over 
a medium roughness road [370]. Figure 27.4 shows the results of 50 simulation runs in which the 
model travelled over different pseudo-random road profiles with the same spectral density. The solid 
lines show the simulation results, and the dotted lines show the 95th percentile ranges for the data 
using the theory described above. Equation 27.3 predicts the bounding 'envelope' accurately at 
larger track lengths, but is a less accurate predictor at distances below 150 m. This is due to the 
small number of data points for short distances. The errors also depend on the number of low 
frequency cycles recorded in the sample. The quarter car model had body bounce natural frequency 
of 1.8 Hz. This gives a low frequency wavelength of approximately 12 m for a speed of 22 m/s. 
To include (say) ten complete cycles, a recording distance of 120 m would be necessary. This is 
similar to the distance at which equation 27.3 starts to become inaccurate (see figure 27.4).

The range in which 95% of values lie for /* * (/) can be calculated as a percentage of the expected 
value:

1W  т/ ÿ f  +  1.98-^Var[y F (»)] -  J ÿ  F - 1.9&J V a r[y  f ( /) ]  )
E ^ * W = — -----------------------TZ&SSjT,----------------------------------1x100 m (2U)
Figure 27.5 shows the test track length required for 2%, 5%, 10%, and 20% error ranges of /„*(/) 
plotted as a function of speed, for a medium roughness road. This graph provides a means of 
comparing results for a short length of track with results for an infinite track length. At low speeds, 
the dynamic component of the tyre forces is low, so the error range will also be small. As vehicle 
speed increases, the error range increases, so a longer track length is required for the same error. 
Typical highway speeds are between 18-27m/s. Consequently for a medium roughness road and 
typical speeds, the 95th percentile tyre force will be within 5% of the level for an infinite length of 
road if the track length is greater than 250 m. The rate of decay of this error is exponential. In order 
to reduce it to 2.5%, a track length of at least 700 m is required. The difference between the 95th 
percentile tyre force for a track length of 60 m (as used in the load measuring mat in the tests 
described previously) and for an infinite length of track, for vehicles travelling at highway speeds is 
10% or more.
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Fig. 27.5 Error contours Tor 95th percentile tyre force for venous combinations of track length and vehicle speed. A 
test performed on an ‘infinite' length test section would have zero error. From (372].

Equation 27.2 is valid for aggregate tyre forces as well as for individual tyre forces, since the 
aggregate tyre forces will also have a Gaussian probability distribution (88]. If the vehicle model 
contains significant non-linearities, the theoretical 95% range for the 95lh percentile tyre force will 
only be approximate, due to the transfer function’ varying with input conditions (speed and road 
roughness). However, the method described above will give a reasonable approximation to the track 
length required for a vehicle assessment test.
It can be concluded that for a statistical accuracy of 5%, and tests on a road of medium roughness at 
typical speeds, a test using pavement-based instrumentation would need at leust 250m of accurate 
sensors, spaced at approximately 0.4m intervals, ie 600 sensors in all. Although this is possible 
with current technology [116], it would probably be too expensive for practical implémentation.
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27.4.3 Rood Roughness
There have been a number of studies over the last 25 years investigating dynamic pavement loading. 
Some of these investigations have quantified the effects of speed and road roughness on dynamic 
loads. Major studies include [172, 210, 214, 302, 335, 337, 443, 491, 504]. See review in 
Section 7.5.
It has generally been concluded that: at highway speeds the parameter which causes the greatest 
variation in dynamic tyre forces, and the largest changes in ranking of suspensions is the road 
roughness level. If an assessment procedure is required to rank suspensions over all conditions of 
roads in common usage by heavy vehicles, a series of tests at different roughness levels is necessary. 
If tests were to be performed at several different testing stations, it would be necessary for each test 
site to have road profiles with similar roughness statistics, if not identical profiles.

27.4.4 Testing Speed and Wheelbase Filtering
Constructing long road surface test sections, with typical highway roughness characteristics, to 
sufficient accuracy, is technically demanding. This section investigates the possibility of testing 
vehicles at low speeds on shorter lengths of artificially-rough profiles, which would be easier to 
construct and replicate. It would be desirable to design such profiles to excite dynamic tyre forces 
that would be statistically similar to those for normal highway conditions.
All wheels on one side of a vehicle are subject to the same road profile input with different time 
delays. This results in 'wheelbase filtering' which significantly affects the dynamic tyre forces 
(Section 7.4.5). Cole and Cebon [125] examined the effect of wheelbase filtering using a four 
degree of freedom model with different suspension stiffnesses. They found that the ranking of 
different suspensions in terms of whole vehicle road damage varied with vehicle speed. This was 
due to wheelbase filtering.
The two degree of freedom model in figure 27.6 was used to investigate the effects of vehicle testing 
speed on pitch and bounce vibration. The model parameters were representative of a two axle rigid 
truck. The bounce frequency of this model is 2.5 Hz and the pitch frequency is 4.4 Hz.

Fig. 27.6 Two degree of freedom linear vehicle model used to investigate wheelbase filtering. From [372].

Figure 27.7 shows the tyre force spectral densities of the vehicle model travelling at various speeds 
over a medium roughness road. Since the magnitude of the input road profile spectral density at any 
frequency is proportional to the vehicle speed V, the spectral densities in this figure have been scaled 
by V722 to remove the effect of changing input amplitude from the magnitude of response. The 
spectral densities in figure 27.7 show peaks and troughs at different frequencies, depending on the 
speed. This is caused by 'wheelbase filtering' [406].



BACKGROUND TO SUSPENSION ASSESSMENT 519

Fig. 27.7 Comparison of front tyre force PSDs for vehicle model travelling at three typical highway speeds. From 
[372].

For a two axle vehicle traversing a sinusoidal road profile, the two axles are excited in anti-phase by 
road profile ’waves' of length twice the wheelbase. This results in a pure pitch input to the vehicle, 
and zero bounce. Conversely, when the wavelength of the road profile equals the wheelbase, the 
axles are excited in phase with each other, and pure bouncing results [406]. This effect also occurs 
for road wavelengths shorter than the wheelbase. In general, the ith pitch excitation frequency 
occurs when the road profile wavelength is

<=1.2.3.... (27-5)

where L is the wheelbase. The corresponding wavelength for the fth bounce excitation frequency is 

*»(') = -T <=1.2,3.... (27.6)l
The speed range over which the effects of bounce excitation become important depend on the 
bandwidth of the peak in the vehicle bounce mode transfer function. This in turn, depends on the 
damping of the bounce mode Çb- The speed range, Vb(i)t over which the ith bounce excitation 
frequency is important was shown by Potter [370] to be:

• y ( l  -  Q  < V„(i) < -^(1 + Q  <=!, 2. 3.... (27.7)
where Jb is the bounce mode natural frequency and Çb is the corresponding damping ratio.
A similar procedure can be followed for pitch mode excitation, resulting in

where Vf (i) is the speed range at which the effects of pitch excitation frequency i become 
important,

/.  is the pitch mode natural frequency, and 
is the pitch mode damping ratio.
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A damping ratio of 0.1 is a reasonable value to use for the sprung mass pitch and bounce modes for 
the majority of heavy vehicles. Using equations 27.7 and 27.8 with this damping ratio, the chart in 
figure 27.8 can be constructed. This chart shows vehicle speed plotted against the product of vehicle 
wheelbase and natural frequency. The chart highlights the speeds at which the pitch and bounce 
natural modes of the vehicle model are strongly excited by the road profile. For the vehicle model in 
figure 27.6, the product of bounce natural frequency (2.5 Hz) and wheelbase (6 m) is 
L f h =  15 m/s, and the product of pitch natural frequency (4.4 Hz) and wheelbase is 
Lfp = 26.4 m/s.

Fig. 27.8 Pilch and bounce excitation modes for heavy vehicles. The non-shaded radial bands indicate areas in
which die pitch or bounce modes are strongly excited. The damping ratios of the pitch and bounce modes 
are assumed to be 0.1. From [372].

The general shapes of the spectral curves in figure 27.7 can be explained using figure 27.8. At a 
vehicle speed of 17 m/s , the bounce mode {Lfb = 15 m/s) is excited by inputs at bounce excitation 
frequency I (point 'А' on figure 27.8), so the response at the bounce natural frequency of 2.5 Hz 
increases. Similarly, the pitch mode (Lfp = 26.4 m/s) is excited by inputs at pitch excitation 
frequency 2 (point B), increasing the response at 4.4 Hz. At 27 m/s however, the bounce natural 
frequency is near to pilch excitation frequency 1 (point C), so the bounce response at 2.5 Hz 
decreases. The pitch natural frequency coincides with bounce excitation frequency 1 (point D), so 
the pitch response at 4.4 Hz also decreases.
Figure 27.8 can be used to investigate the effect of wheelbase filtering on HGVs travelling at 
different speeds. The vibration modes of HGVs that are affected by wheelbase filtering can be 
classified into three groups. The range of the product of wheelbase and natural frequency {Lf) for 
each group is superimposed in figure 27.8 as vertical shaded bands. These groups are tractor sprung 
mass pitch and bounce (4.5 m/s < L f  < 14 m/s); trailer sprung mass pitch and bounce 
(13.5 m/s < L f <  35 m/s), and tandem axle groop pilch (9.6 m/s < L f  <24 m/s). (See Potter 
[370] for details.)

Consider a typical articulated vehicle travelling at highway speeds (17-27 m/s). The first pitch 
excitation frequency will be near to the pitch natural frequency of the tractor unit, and the first bounce 
excitation frequency will be near to the bounce natural frequency of the trailer, so these two resonant 
frequencies will typically be excited. If the speed is reduced to an artificially low value for testing, it
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is clear that different pitch and bounce excitation frequencies will be close to the vehicle natural 
frequencies, thus causing different resonant frequencies to be excited and a completely different 
response spectral density.

Although it is possible to find highway speeds at which wheelbase filtering for an individual vehicle 
unit is small, it is not possible to replicate these conditions for artificially low testing speeds, where 
wheelbase filtering is always important. This means that it is not possible to decrease vehicle speed 
and artificially increase road roughness, and still generate similar vehicle response statistics as under 
highway conditions. Consequently, in order to account correctly for wheelbase filtering behaviour, 
tests to characterise vehicle response on public roads need to be carried out over a range of 
representative highway speeds.

27.4.5 Tractor - Trailer Interaction
An important feature of dynamic loading is that all the suspensions and tyres on a vehicle are 
involved in the sprung mass modes of vibration [96, 244]. For example, Cole and Cebon [118] 
showed by simulation, that improving the 'road friendliness' of the tractor axle on an articulated 
vehicle model can cause the dynamic tyre forces generated by the trailer axles to increase (figure
7.10). As a result, it is likely that the whole vehicle must be considered when examining road 
damage, rather than individual suspension groups. The issues involved in this interaction are 
examined in detail in the next chapter.

27.4.6 Tests on Whole Vehicles using Indirect Methods
The results described so far lead to the conclusion that it is necessary to devise a performance test 
which is able to measure or predict the dynamic tyre forces generated by all axles, for highway 
conditions. The measurement methods available for achieving this were reviewed in Section 27.2.3 
and the test duration requirements were considered in Section 27.4.2. None of the available direct 
measurement methods are particularly attractive from a practical point of view, because of their high 
cost of implementation.
Chapter 29 investigates the possibility of performing simple 'indirect' laboratory tests on each vehicle 
combination, and using the measured responses to simulate the performance of the vehicle under 
highway conditions. This type of combined measurement and calculation approach may be the only 
practical way to assess the road-damaging potential of heavy vehicles reliably.

27.5 CONCLUSIONS

(i) (From Chapter 19) For vehicles with similar arrangements of axles and tyres, a simple fourth 
power aggregate force calculation can be used to compare dynamic loads in terms of 
normalised pavement fatigue damage.

(ii) (From Chapter 19) The ranking of axle group suspensions depends on the pavement damage 
criterion used. The DLC is unable to distinguish correctly between the road damaging 
abilities of different axle group suspensions, because it does not take into account the spatial 
correlation between tyre forces.

(iii) (From Chapter 19) Some air suspended axles on the highway cause high relative road 
damage, probably due to inadequate suspension damping. Regulations which encourage the 
use of air suspensions should include a provision for regular damper performance 
monitoring.

(iv) Direct and indirect tests on single axles (including the European suspension assessment 
test) cannot be used in an objective assessment procedure, because they do not satisfy several 
of the basic requirements for objectivity.
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(v) It appears to be impractical to base an assessment procedure on direct tests using whole
vehicle. Such a lest should satisfy the following requirements:
(a) For a typical road and a vehicle speed of 27 m/s, a test length of at least 250 m is 

required to measure the 95th percentile tyre force accurately (to within ±5% error), A 
load measuring mat with sensors placed at 0.4m intervals would require 
approximately 600 sensors.

(b) A series of tests is needed at different road roughness conditions.

(c) Vehicles must be tested at a range of highway speeds to account for wheelbase 
filtering effects.

(d) The problem of tractor-trailer interaction must be solved somehow. One way may be 
to use a standard tractor to test all trailers and vice versa. This possibility is examined 
in the next chapter.
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28.1 SUMMARY

The influence of dynamic interaction between tractor and trailer on the assessment of the road 
damaging performance of heavy goods vehicles is investigated using simple mathematical models. 
Tractor and Trailer Damage Indices are used to quantify the 'in-service' road damaging performance 
of a fleet of vehicles with parametric variations typical of UK highway traffic.
Assessment tests requiring measurements on individual tractor-trailer combinations are simulated and 
the results are correlated with the performance of the vehicle fleet. The main aim is to establish the 
characteristics of a 'standard' semi-trailer to be used in the assessment of tractors, and a ‘standard’ 
tractor for testing semi-trailers. It is found that measurement of suspension frequency' gives the 
worst correlation with the damage indices, whilst the 'Dynamic Aggregate Force Coefficient' gives 
the best. Correlation achieved when assessing trailers is higher than when assessing tractors. 
Optimum specifications for standard tractors and trailers to maximise test accuracy are determined.
This chapter is based on work previously published in [128].

28.2 INTRODUCTION

The simulation study described in Sections 7.4.5 and 7.4.6 showed that articulated vehicles have 
many natural modes of vibration, and that the dynamic forces generated by an axle cannot be 
characterised by a single resonance frequency and damping ratio. The study also showed that there 
is significant interaction between suspensions, that is, the stiffness and damping properties of each 
suspension affect the dynamic forces generated by each other suspension. In particular, the tractor 
drive axle suspension was found to have a strong influence over the dynamic tyre forces generated 
by the semi-trailer axles. This chapter attempts to characterise this interaction for a wide range of 
tractor-trailer combinations, in order to develop specifications for standard vehicle units that could be 
used in an assessment test.

28.2.1 Tyre Force Criteria

The Dynamic Load Coefficient (DLC), which is defined by equation 5.6, is commonly used to 
characterise the level of dynamic tyre force variation. The DLC generated by axle k is denoted D*. 
Typical values of DLC are 0.05 to 0.3, a low value generally being considered desirable. As 
discussed earlier in this book, the DLC is not a good indicator of road damage.
The Aggregate Force criterion considers the sum of all forces applied to particular points along the 
road by all the axles of the vehicle. The aggregate force history A(x), where x  is distance along the 
road, can be calculated by equation 17.5. The dynamic variation of the aggregate force can be 
characterised using the Dynamic Aggregate Force Coefficient (DAFC) given by:

^ std{A(*)}
mean{A(x)}

(28.1)
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The DAFC is a measure of road damage caused by dynamic forces, normalised by the damage due to 
the static forces. In this chapter it is the criterion against which other damage criteria will be judged. 
The road damage analysis can be extended to take account of the sensitivity of road material 
properties to load level, tyre contact areas, and can also include detailed road response models. 
However, in Chapter 19 it was shown that the added sophistication of these road damage criteria are 
not necessary as long as it is only desired to rank the vehicles (rather than calculate absolute road 
damaging potential) and all the vehicles have the same arrangement of tyres.

In this chapter, Dk and/  are calculated for a simple three degree of freedom (DOF) tractor semi
trailer model in the frequency domain, using the method described in Section 25.3.2 (see [125] for 
details). It is also possible to calculate the DAFC for the tractor axles alone or the trailer axles alone.

To account for the spatial concentration of loading applied by a fleet of heavy vehicles, it is 
sometimes useful to consider the damage (DAFC) incurred at the worst 5% of locations along the 
road. This is given by the normalised 95th percentile aggregate force /, which can be calculated 
using equation 25.13.

28.2.2 Tractor-Trailer Interaction

Potter et a l [374] used a tyre force measuring mat to collect dynamic tyre force data from a 
representative sample of British articulated vehicles. This work was described in Chapter 19 and is 
summarised briefly here. Fourteen articulated vehicle combinations were tested, each comprising 
one of three tractors (denoted 1-3) and one of five trailers (denoted A-E). The tractors and trailers 
had a variety of suspension types. Figure 28.1 shows normalised 95th percentile aggregate forces J  
for the tractors and trailers.
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The measured data shown in figure 28.1 confirmed the existence of strong interaction between the 
tractor and trailer. For example, it was found that the trailer fitted with air suspension (D) 
consistently generated low road damage for the trailer alone (figure 28.1(b)), but tended to cause the 
tractors to generate slightly higher road damage than when they were attached to the other trailers 
(figure 28.1(a)). The air suspended road-friendly* tractor (2) caused all trailers to generate higher 
road damage than when connected to a similar steel-suspended tractor (1), figure 28.1(b), and often 
caused a higher level of road damage to be generated by the whole vehicle (not shown).

Potter et al concluded that trailer suspensions cannot be assessed using a standard tractor because the 
tractor significantly affects the response of the trailer. However, they considered that it is possible to 
measure the dynamic loading performance of tractor suspensions using a standard trailer because the 
trailer does not affect the tractor so strongly.

Cole and Cebon [124] examined tractor-trailer interaction behaviour using two and three degree of 
freedom (DOF) sprung mass models. The models satisfactorily predicted the measured interaction 
behaviour, which was explained in terms of wheelbase filtering, natural modes of vibration, and 
phase relationships between modal responses. It was concluded that the conditions for strong 
interaction from tractor to trailer exist in a large proportion of articulated vehicles.

28.2.3 Assessment of Road Damage Potential
The review of vehicle assessment in the last chapter concluded that direct tests of whole vehicles are 
the most accurate ways to assess road-damaging potential. Indirect tests of individual axles, such as 
the frequency measurement approach of the European test, are considered to be the least accurate. 
Another possibility is indirect testing of whole vehicle performance, which is discussed in the next 
chapter.

Whichever assessment test is used, the influence of tractor-trailer interaction must be considered. In 
service, a trailer will often be used with a wide variety of tractors. Because there is strong interaction 
between the tractor and trailer, a trailer that performs well in an assessment test with one tractor may 
perform badly when used in service with a different tractor. The same situation may occur when 
assessing a tractor which may be used with many different trailers. It is not practical to measure the 
damaging potential of every possible tractor and trailer combination. A practical test is therefore 
likely to need a standard tractor for testing every trailer, and a standard trailer for testing tractors.

This chapter addresses three questions: (i) how accurately can a practical test measure the in-service 
damaging potential of a tractor or trailer, (ii) what is the best vehicle performance parameter to 
measure, and (iii) what should be the specifications of the standard test tractor, standard test trailer 
and its payload distribution?

The next section describes the mathematical model employed in the study. Possible test procedures 
are investigated in Section 28.4. The results of the study are discussed in Section 28.5, and 
conclusions are given in Section 28.6.

28.3 MATHEMATICAL MODEL

28.3.1 Vehicle Model
The vehicle model is shown in figure 28.2. The two masses represent the tractor and semi-trailer 
sprung masses. Motion is confined to bounce and pitch so that there are three degrees of freedom. 
Tandem and triaxle suspensions are each modelled with one parallel spring-damper combination with 
appropriate parameter values. The unsprung masses are not included since the sprung mass, modes 
of vibration usually dominate the dynamic tyre forces (Section 7.4.3) and are the source of all the 
tractor-trailer interaction (Section 7.4.6). Subscript 1 denotes the tractor front (steering) axle, 2 
denotes the tractor drive axle group and 3 denotes the trailer axle group.
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All response calculations were performed in the frequency domain. An input road displacement 
spectrum was specified to represent the roughness of an average principal road or poor motorway 
(equation 3.2). Direct and cross-spectral densities of the dynamic tyre forces were calculated over 
the frequency range 0.1 to 20Hz at intervals of 0 .1Hz. See Section 5.4.2 and [ 125J for details.

e a b

28.3.2 Validation
The interaction calculation was validated with measurements from the mat tests described in Section
19.3. Nine of the fourteen vehicle combinations were simulated. The parameter values can be found 
in [124], The normalised 95th percentile aggregate force J was calculated for the tractor and trailer 
of each vehicle combination using the frequency domain method described in Section 25.3.2. The 
road profile spectrum and vehicle speeds were specified to match the test conditions closely.

The results are plotted in figure 28.3, in a format that allows comparison with the experimental 
results given in figure 28.1. Although there is not exact agreement between figures 28.1 and 28.3, 
the simulated results clearly show similar trends in interaction between the tractor and trailer. It is 
concluded that a model which represents only the pitch and bounce motions of the tractor and trailer 
sprung masses is sufficient to demonstrate the measured interaction behaviour.

28.3.3 Simulation of Vehicle Fleet
A fleet of articulated vehicles was generated by varying the parameters of the three DOF model. Each 
vehicle consisted of a tractor with two or three axles and a semi-trailer with two or three axles. The 
vehicle dimensions and axle group weights were chosen to reflect current UK regulations on weights 
and dimensions. The suspension stiffnesses and damping coefficients were chosen to represent the 
range typically found in the UK vehicle fleet. The parameter values of each vehicle model were 
derived as follows.

The following parameters were fixed: 
tractor sprung mass my
tractor pitch inertia //
tractor geometry c
driver axle to trailer axle distance a+fc
steer axle spring stiffness kt
steer axle damping rate ct
The trailer sprung mass (m2) and CG position 
single tractor drive axle M2
tandem tractor drive axle group M2
tandem trailer axle group Мз
triaxle trailer axle group M3

= 3200kg 
= 6200kgm2
= 1.4m, d -  2.1m, e = 1.6m 
= 8.5m 
= 300kN/m 
= lOkNs/m.

(a/b) were chosen to give axle group masses of: 
= 5250kg 
= 8000kg
= 9000kg 
=  11250kg.
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Normalized 95th percentile agg. force J 
of tractor only

(a)

Normalized 95th percentile agg. force J 
of trailer only

(b)

Fig. 28.3 Simulated normalised 9Sth percentile aggregate forces for tractors alone and trailers alone. The number 
and letter denote the tractor-trailer combination. From [128].

The trailer pitch inertia (/2) was varied to account for different payload distributions. The pitch 
inertia can be written in terms of a normalised radius of gyration r, as

h = m&br1 (28.2)

A value of r = 1 corresponds to the trailer and payload mass concentrated at each end of the trailer. A 
value of about 0.85 corresponds to a uniform distribution of payload along the length of the trailer. 
Smaller values correspond to the mass being concentrated near the centre of the trailer. Values of 
normalised radius of gyration were set to r = 0.7, 0.8, 0.9, or 1.0.

The spring stiffnesses (Jt*) of the tractor drive axle and the trailer axle groups were derived from the 
required natural frequency (p*= 1.5, 2.0, 2.5, 3.0, or 3.5Hz) of an equivalent single 
mass/spring/damper system, according to:

kk = Mk{2npk)2. (28.3)

The damping rates (c*) of the tractor drive axle and the trailer axle groups were derived from the 
required damping ratio ({*= 0.10,0.15, or 0.20) according to:

(28.4)

The frequencies and damping ratios were chosen to reflect the range of values found in the UK 
vehicle fleet [337).

The four axle combinations, five frequencies and three damping ratios provided thirty unique tractor 
units and thirty unique trailer units, giving 900 unique tractor and trailer combinations. When
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combined with four trailer inertias (that is, four payload distributions) there were 3600 different 
vehicles in the simulated fleet

28.4 CORRELATION ANALYSIS

28.4.1 Vehicle Assessment
For the purposes of this study, the in-service road-damaging potential of a tractor number i is 
quantified as follows. The tractor is connected to each of the trailers in the fleet in turn (y = 1 to 30). 
The DAFC of the whole vehicle is calculated for three speeds (Vv= 18, 22, 26m/s) and four trailer 
pitch inertias r. The average of the resulting 360 DAFC values is denoted Ftractori\

, 30 3 4

' U i - j j j X X I W  (28.5)

This value quantifies the average in-service road damage potential of the tractor, and will be termed 
the Tractor Damage Index'. The Trailer Damage Index' FnaiUrj is calculated in a similar way:

j 30 3 4

3̂ 1 1 1/ , (28«
I r V

Figure 28.4 shows the values of tractor damage index for the thirty tractors and values of trailer 
damage index for the thirty trailers in the simulated vehicle fleet, arranged in ascending order. The 
figure shows that the tractor damage index varies from 0.12 to 0.18, whereas the trailer damage 
index varies over a larger range, 0.10 to 0.24. This is a result of the strong interaction from tractor 
to trailer.

Fig. 28.4 Tractor and trailer damage indices for the simulated fleet, in ascending order. From [128].

28.4.2 Correlation Coefficient
It would be impractical to assess a tractor by averaging the measured damage indices generated by it 
with many different trailers in the manner described above. An acceptable test might consist of 
testing a tractor with one standard trailer and payload distribution, perhaps for a range of speeds. 
The measured vehicle performance parameter and the standard trailer and payload distribution would 
be specified to maximise the correlation with the Tractor Damage Index defined in equation 28.5. 
Similarly for assessing trailers, a standard tractor and payload distribution would be specified.
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Three vehicle performance parameters for use in an assessment test were investigated: suspension 
frequencies (j}2 and p3), DLCs (D2 and D3) and DAFC (/). The 'correlation coefficient' pxy was 
used to determine the suitability of each form of assessment test. The correlation coefficient for two 
variables x and y is defined by equation 18.1. The correlation coefficient takes values in the range 
-1 to 1. A value of 1 indicates perfect correlation (x proportional to y), and a value of 0 indicates no 
correlation between x and y. A value of -1 indicates perfect negative correlation {x proportional to 
-y). In the next section the three vehicle performance parameters are investigated in turn, using their 
correlation with the damage indices to assess their suitability.

28.4.3 Measures of Road Damaging Potential 
Suspension Frequency

To determine the suitability of suspension frequency as a measure of tractor road damage potential 
(as specified in the European test [32]), the Tractor Damage Index F,ractor was plotted against the 
suspension frequency p2 of the tractor drive axle group for all tractors, shown in figure 28.5a. The 
correlation coefficient of 0.903 indicates the suitability (or otherwise) of the drive axle suspension 
frequency p2 as an assessment parameter for tractors. Ideally the correlation coefficient would be 
1.0, with all the points on a straight line with positive slope.

The suspension frequency p3 of the trailer axle group was correlated with the Trailer Damage Index 
Ftmiur for all trailers, shown in figure 28.5b, giving a correlation coefficient of 0.975. This value is 
much closer to 1.0 than the value of 0.903 obtained for tractors. The reasons for this are discussed 
in Section 28.5.

0 1 2  3 4
tractor suspension frequency p2 / Hz

(a)

0.25
w

+

i j  0.20

X t  *
1  0.15

& *

I  0Ю *
S
J  0.05 correlation coeffitient=0.975

0.00
0 1 2  3 4
trailer suspension frequency p3! Hz

(b)

Fig. 28.5 (a) Tractor Damage Index F ^to r  vs suspension frequency p2 of the tractor drive axle group.
(b) Trailer Damage Index Ftruiier vs suspension frequency p3 of the trailer axle group. From (128).

Dynamic Load Coefficient

Tractors can be assessed by measuring the DLC of the drive axle group D2. The vertical axis on 
figure 28.6 shows the Tractor Damage Index F^.^ calculated for the thirty tractors of the simulated 
fleet. On the horizontal axis are the tractor drive axle DLCs D2 of the same tractors connected to 
just one of the trailers (2 axles, p j=  1.5Hz, £j= 0.2, r = 1.0). The correlation coefficient of 0.924 
indicates the level of correlation between the drive axle DLC and the Tractor Damage Index for this 
particular trailer. This gives an indication of the suitability of the parumeter D2 and this particular 
trailer as an assessment test for tractors. For assessing tractors the objective is to find a trailer 
specification and payload distribution that maximise the correlation coefficient.
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Tractor drive axle DLC, D2

Fig. 28.6. Tractor damage index against tractor drive axle DLC determined with one trailer (2 axles, p3 = 1.5Hz,
£3 = 0 .2 ,r= 1.0). From [128].

Figure 28.7a shows the correlation coefficient between D2 and Ftraclor as functions of the test 
trailer suspension frequency p3 and inertia parameter r. The graph contains 120 points, 
corresponding to the number of trailer suspension and pitch inertia combinations. The graph shows 
that high values of trailer suspension frequency (p3 = 3.0Hz or 3.5Hz) and a low value of trailer 
pitch inertia (r = 0.7) provide the highest correlation coefficients, between 0.950 and 0.963. The 
number of axles and the damping ratio do not have a strong influence on the correlation.

Trailers can be assessed by measuring the DLC of the trailer axle group D3. Figure 28.7b shows the 
correlation coefficient between D3 and F(raiUr as functions of the test tractor suspension frequency 
p2 and the trailer inertia parameter. The number of axles and the damping ratio do not have a strong 
influence on the correlation. A tractor suspension frequency at the low end of the range (1 5Hz or 
2.0Hz) and a low value of trailer pitch inertia (r = 0.7) give the highest coefficients, between 0.995 
and 0.998.

The result that a low value of trailer pitch inertia (r = 0.7) gives the highest correlation coefficients is 
surprising and not fully understood. It might be expected that a value of r = 1 would give best 
results, since this value eliminates dynamic interaction between the tractor and trailer. However, the 
tractor and trailer damage indices (Ftractor and Ftraiur) are evaluated on the basis of the whole-vehicle 
performance. It is thought that some dynamic coupling between the tractor and trailer in the 
assessment test is necessary to ensure that the tractor or trailer under test is operating in conditions 
representative of those in the fleet.

Dynamic Aggregate Force Coefficient

Tractors can be assessed by measuring the dynamic aggregate force coefficient (DAFC) /  of the 
whole vehicle. Figure 28.8a shows the correlation coefficient between DAFC and Fmictor as 
functions of the test trailer suspension frequency p3 and inertia parameter r. The figure shows that a 
trailer suspension frequency p3 of 2.0Hz to 3.0Hz and a low trailer pitch inertia (r  = 0.7) provide 
correlation coefficients between 0.976 and 0.996.

Trailers can also be assessed by measuring the DAFC of the whole vehicle. The data in figure 28.8b 
show that correlation coefficients between 0.993 to 0.999 can be obtained if the test tractor 
suspension frequency p2 is 2.5Hz or 3.0Hz and the trailer inertia parameter r is 0.8 or 0.9. The 
number of axles and the damping ratio of the test tractor and test trailer do not have a strong influence 
on the correlation.

•N-+H-+
* +

correlation coefficient=0.924
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trailer suspension frequency p3 / Hz

(a) 

Fig.

trailer suspension frequency p3 / Hz

(a)

tractor suspension frequency p2l Hz

(b)

tractor suspension frequency p2 f Hz

(b)

28.7 Assessing tractors and trailers: correlation coefficient between D2 or D3 and Ftractar or Fnaiier 
plotted as a function of suspension frequency {p3 orp2) and trailer inertia parameter r.
(a) Assessing Tractors, (b) Assessing Trailers. From [128].

Fig. 28.8 Assessing tractors and trailers: correlation coefficient between DAFC and FfnMar or Ftraiur plotted as a 
function of suspension frequency {p2 or p3) and trailer inertia parameter r. (a) Assessing Tractors,
(b) Assessing Trailers. From [128J.

Figure 28.9 shows the correlation achievable between Trailer Damage Index and DAFC when the test 
tractor has one drive axle, with suspension frequency p2 = 2.5Hz, and damping f; = 0.15. The 
trailer inertia parameter r -  0.8. It can be seen that the points lie very close to a straight line, with 
correlation coefficient 0.998. This may be contrasted with the scatter of points shown in figure 28.5 
corresponding to a correlation coefficient of 0.924.
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0.0 0.1 0.2 0.3
Dynamic aggregate force coefficient, DAFC

Fig. 28.9 Trailer damage index F ^ e r  against DAFC determined with one tractor ( 1 drive axle, p2 = 2.5Hz, 
( 2 * 0.15, ГЖ 0.8). From [128].

28.5 DISCUSSION OF RESULTS

The results of the correlation analysis are summarised in Table 28.1. It shows the highest correlation 
coefficients achieved in the simulations, and the corresponding parameter conditions.

] ASSESSING TRACTORS ASSESSING TRAILERS
Measured Parameter I Correlation Coefficient Correlation Coefficient

| (Conditions) (Conditions)
Suspension
Frequency

0.903 0.975

Dynamic Load 0.950 to 0.963 0.995 to 0.998
Coefficient = 3.0Hz. to 3.5Hz, r  = 0.7) (p2 = 1.5Hz to 2.0Hz, r = 0.7)
Dynamic Aggregate j 
Force Coefficient I

0.976 to 0.996
(pj = 2.0Hz to 3.0Hz, r  = 0.7)

0.993 to 0.999
(p2 = 2.5Hz to 3.0Hz, r = 0.8 to 

0.9)

Table 28.1. Summary of correlation analysis.

In the introduction it was noted that indirect measures of road damage on individual axles, such as 
suspension frequency, are considered to be less accurate than direct measures on individual axles or 
whole vehicles (such as the DLC or DAFC). The results in Table 28.1 confirm this: the correlation 
coefficients calculated between suspension frequency and the tractor and trailer damage indices are 
the lowest.

It is also clear that the correlation coefficients achieved when assessing tractors are lower than those 
obtained when assessing trailers. This appears to contradict the findings of Chapter 19, where it was 
concluded that it was possible to assess tractors with a standard test trailer, whereas trailers could not 
be assessed using a standard test tractor.

In this study, tractors were assessed in terms of the Tractor Damage Index which is determined from 
the damage caused by the whole vehicle, not the damage caused by the tractor alone. Because a 
tractor strongly influences its trailer, measures of tractor damage determined with only one trailer 
correlate poorly with the Tractor Damage Index determined using a fleet o f trailers. This also
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explains why the DAFC gives higher correlation coefficients than the tractor drive axle DLC: the 
DLC does not account for die strong influence of the tractor on the trailer.

A trailer docs not influence the tractor so strongly, and so measures of trailer damage made with only 
one tractor correlate closely with the Trailer Damage Index determined using a fleet of tractors. The 
DAFC and trailer axle DLC give similarly high levels of correlation because little more information 
about the performance of the trailer is obtained by considering the tractor axles.

For assessing tractors, the DAFC parameter gives the highest correlation coefficients of the three 
considered. To achieve best accuracy, the test trailer should have a suspension frequency of 2.0Hz 
to 3.0Hz and low pitch inertia (r = 0.7).

For assessing trailers, the DLC and DAFC parameters both give high correlation coefficients. For 
the DLC to give best accuracy the tractor suspension should have low frequency (1.5 to 2.0Hz) and 
the trailer should have a payload distribution that gives low pitch inertia (r = 0.7). For the DAFC to 
give best accuracy, the tractor suspension should have frequency of 2.5Hz to 3.0Hz and the trailer 
pitch inertia parameter should be 0.8 or 0.9.

This study is a preliminary investigation of the influence of tractor-trailer interaction on the 
assessment of road damage potential. The vehicle models and damage criteria are very simple, and 
although the simulated fleet covers most practical vehicles, there has been no attempt to reflect the 
proportion of vehicle types in service when calculating the tractor and trailer damage indices. It is 
thought that the conclusions regarding the relative merits of the road damage measures are not 
strongly affected by these simplifications. However, it is likely that the conclusions regarding the 
specifications of standard test tractor, trailer and payload will depend strongly on the make-up of the 
vehicle fleet. A large scale experimental program would be needed to verify the results of this 
chapter before the preliminary conclusions could be implemented.

28.6 CONCLUSIONS

(i) The existence of dynamic interaction between the tractor and trailer makes accurate 
assessment of road damaging potential difficult in practice.

(ii) Tractor and Trailer Damage Indices have been defined which quantify the in-service road 
damaging performance of the vehicles.

(iii) Assessment tests requiring measurements on only one tractor-trailer combination have been 
simulated. Measurement of suspension frequency gave the poorest correlation with the in- 
service damage indices. The Dynamic Aggregate Force Coefficient gave the best correlation, 
and it is thought that this parameter would provide acceptable accuracy for an assessment test.

(iv) Correlation achieved when assessing trailers was higher than when assessing tractors.

(v) Optimum specifications for standard test tractors and trailers were calculated, but these results 
are likely to depend strongly on the make-up of the vehicle fleet
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29.1 SUMMARY

Two methods for assessing the road damaging potential of heavy vehicles are described in this 
chapter. The methods use a simple laboratory test to characterise vehicle dynamics. This 
information is then used to predict the dynamic tyre forces generated by the vehicle for typical 
highway conditions. A 'quarter car' laboratory test rig fitted with a leaf spring suspension is used to 
investigate these methods. Step inputs are used to excite the rig, and various sensors measure the 
response. A linear technique using the convolution algorithm is investigated initially. A non-linear 
method using parameter estimation is then examined. The accuracy of both systems is determined by 
comparing tyre force data measured on the test rig with predicted tyre forces.

This chapter is based on work previously published in [372].

29.2 INTRODUCTION

As discussed in Chapter 27, the most accurate way to assess the road-damaging potential of a 
heavy vehicle is to measure dynamic tyre forces generated by all of its axles as it traverses a typical 
road profile at a typical highway speed. Three such whole vehicle direct test methods have been used 
previously: (i) the axles of a vehicle have been instrumented with strain gauges 1117, 335], (ii) a road 
simulator (hydraulic vehicle shaker) has been used to excite the vehicle [244], and (iii) a load 
measuring mat has been installed on a suitable section of road [57, 375]. The main disadvantage of 
direct tests on whole vehicles is the high cost of the instrumentation.

A less expensive testing option for assessing whole vehicle performance is indirect testing. Best 
[57] investigated a linear indirect technique for estimating dynamic tyre forces in the frequency 
domain from tests performed on a single axle. The method he proposed was also suitable for multi
axle vehicles. This chapter investigates two additional methods using time domain calculations 
(needed for road damage predictions as discussed in Chapter 17): the convolution method, and the 
parameter estimation method. In Section 29.3, a simple two degree of freedom test rig 
representing one wheel station of a heavy vehicle is described. The rig is used to investigated the 
two methods.

Section 29.4 describes the convolution method; this is a linear indirect testing method which can be 
adapted to test a whole vehicle. A measured impulsive response is convolved with a typical road 
profile input to obtain a predicted tyre force history for one wheel travelling along the road. The road 
profile may be measured or artificially generated.

The parameter estimation method described in Section 29.5, is a non-linear testing method. It uses a 
step test, from which the parameters of a non-linear vehicle model of the appropriate generic vehicle 
type are estimated. The model is then used to simulate tyre force histories for the vehicle on a typical 
road profile.

Both methods can be used with realistic road-damage criteria like those described in Section 17.4 to 
calculate theoretical road damage for an individual axle, a suspension group, or a whole vehicle.
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29.3 TEST RIG

29.3.1 Description

Figure 29.1 shows a diagram of the rig used to investigate the indirect testing methods. Physical 
constraints on the available testing facilities prevented the testing of full scale truck components, so 
the design of the rig was based around one wheel station of a leaf-sprung four-wheel drive 
’recreational' vehicle (all suspension components were Land Rover parts). Although the rig did not 
contain the complexities of sprung mass motion that are typical of articulated vehicles, the dynamic 
lyre forces had a representative frequency content, and the non-linearities are typical. The main 
structure of the rig was constructed from channel section steel beams. The main beam (sprung mass) 
pivoted about a pin that passed through holes in the supporting uprights. The axle beam (unsprung 
mass) pivoted about a ball-joint attached to the underside of the main beam. Extra weights were 
added to the main beam and axle so that the test rig had realistic natural frequencies for vertical 
motion.

A facility for attaching a Land Rover shock absorber in parallel with the leaf spring was also 
provided. The dashed outline of the shock absorber position can be seen in figure 29.1 at the end of 
the main beam.

Figure 29.1 also shows the positions of the sensors attached to the rig. Accelerometers (A1-A3) 
measured motion of the sprung and unsprung masses, and displacement transducers (D1-D2) 
measured the relative displacements. A load cell attached to the actuator measured the vertical tyre 
force. The vertical accelerometer attached to the tyre table (A4) enabled the tyre force measurement to 
be corrected for the inertia of the tyre table. The hydraulic actuator contained on integral displacement 
transducer (D3), allowing direct measurement of the tyre table displacement (road profile input;.

After fabrication, the rig was tested extensively for any unwanted structural vibrations that would 
interfere with measurements. The main beam had a torsional vibration mode at 27 Hr.. Other 
structural vibration modes were found, but none were below 30 Hz. These vibration modes were at
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sufficiently high frequencies to be removed by filtering, without significantly affecting the wheel-hop 
vibration response at 13-18 Hz.

29.3.2 Mathematical Model of Test Rig

A mathematical model was developed to simulate the test rig. Figure 29.1 shows the geometry of the 
model, and the co-ordinate system used. Measurements from the rig were translated into this co
ordinate system. The equations of motion for this two degree of freedom model are:

Ip hQ + m2LALE +\ la + Lb + Lc 0
j2Q + m2LALE hQ l^lWj L LB + LC ~LB.

= 0, (29.1)

where LK to l E are defined in figure 29.1 ; 0,,02) are the angular accelerations o f the body and of 
the axle relative to the body; f tJ t are the suspension and tyre forces; m2 is the mass of the axle; 
Ip is the combined inertia of the body and axle about the main pivot; and I2 Q is the moment of 
inertia of the axle about the axle pivot

Geometric relationships are required between the tyre and suspension deflections (5n 5s) and the 
angular displacements of the rig (0,,021). These relationships are given by:

№ « 1  p *  +
k w r l

LB + Lc Lb + Lc ~VI 0 |(O l _  fz(0)

0 ~ L B J k l ( ' ) j  W '
(29.2)

The tyre model contained a spring element in parallel with a dry friction element. The friction 
element modelled the friction force between the tyre and tyre table due to distortion of the contact 
patch. This friction force would not be present if die tyre was rotating. The mathematical description 
of the tyre model is:

/ , м = * д м + а д )  (29.3)

where ? , «  =

+1
/)) /* * ,

- 1
if
if {St( , - b i ) - 5 l (t))>6,hr

and 8thr is a small (constant) deflection used to smooth the force signal.

The suspension model is a simplified version of Fancher’s leaf spring model (equation 4.2). The 
force generated by the leaf spring ( f t) is a function of the spring displacement (<5,), given by:

№ = № = /«,(')+(/,('- à i ) - f „ v(t -  b , ) y * * ) r S . { t - W t (29.4)

where
'* A ( ') + w ,  if 6s(t)> ss( t -A t)

M W - * .  if W * * , ( • - * ' )

Ns is the suspension friction, P is an exponential suspension parameter, and ks is the leaf spring 
‘envelope1 stiffness. Typical measured leaf spring force deflection curves are shown in figure 29.2.

To use this two degree of freedom model, values were required for three leaf spring parameters, p, 
k, and NSt two tyre parameters, kt and N, and two mass parameters, Ip and m2 (I2q is a function 
of т2У An initial series of tests was performed to measure these parameters directly in order to 
generate a baseline model for comparison with the parameter estimation method (see later).

Figure 29.3 shows the variation in spring 'envelope' stiffness ks with amplitude of suspension 
deflection. These values were obtained by fitting equation 29.4 to the measured suspension force, 
using a least squares minimisation [370]. These results are for a 1 Hz sinusoidal input. A 5 Hz 
sinusoidal input was used as well, and the results were found to be independent of frequency as 
expected [175]. The best fit envelope stiffness ks was found to increase slightly with static load.
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However, from the figure, the deflection amplitude clearly has a much greater effect. For suspension 
deflections between 2 - 1 6  mm, kx varied between 0.1 MN/m and 0.3 MN/m. These results are 
qualitatively similar to those presented in [89] for similar springs.

Tests were also carried out with a conventional hydraulic shock absorber fitted between the body and 
the axle. Typical damper force - velocity characteristics are shown in figure 29.4. The suspension 
force in equation 29.3 was modified to include a shock absorber model consisting of a bi linear 
damper in series with a linear spring representing the compliance of the bushes. This three parameter 
model had the minimum complexity required to give an acceptable fit with experimental data (see 
Section 4.4).
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Velocity / m/s

fig . 29.4 Damper farce-velocity characteristic (responses have been shifted by ±200 N for clarity). From [372].

Since the shock absorber was modelled by two elements in series, the displacement and velocity at 
the point connecting the two elements was required in order to characterise the system. Equating the 
forces in the shock absorber bush spring and damper elements gives:

(vW - vf c ) M vm - vi )  = *£>*“* (29.5)

{сь when v < 0 
cr when v > 0

vw is the velocity across the damper and bush elements, v* is the velocity across the bush, кь is 
the stiffness of the bush, and u* is the deflection of the bush.

Sensors on the rig or on a vehicle can be used to measure ve , but vh and are difficult to 
measure directly. However, since vK »  vfct the measured velocity applied to the shock absorber vm 
cart be used instead of vm -  vh to evaluate the clamping coefficient in equation 29.5 approximately.
Therefore, replacing c{vm -v j,)  w ith c(vm] in equation  29 .5 , 
vd * ^ ( г ; - и ьи -  Дг))/Дг gives:

and putting

O (ri . » b U -b ‘)+ vm(t)b‘ (29.6)

The force transmitted through the damper, fait) is then given by:

(29.7)

and the total suspension force /,( /)  can be found from:

m = № + m - (29.8)

The mode! parameters found from the initial component tests are given in the second column of
Table 29.1.

293 3 Model Validation

A random road profile with a spectral density corresponding to a ’good* road traversed at a vehicle 
speed of 20 m/s (equation 3 1 ) was used as an input to the rig, and the responses were recorded. 
Figure 29 5 shows the measured and simulated dynamic tyre forces. The figure shows that the 
simulated force agrees relatively well with the measured tyre force.
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Rif; parameter Measured values Estimated values

B 0.88 mm 0.70 mm
ks 162 kN/m 140 kN/m

±674 N ±600 N
297 kN/m 370 kN/m

N. ±126 N ±130 N
//> 2970 kgm2 2950 kgm2

I2q + т2Щ Е 436 kgm2 470 kgm2

сь 1.10 kNs/m 3.20 kNs/m
CV 4.40 kNs/m 6.50 kNs/m
kb 0.40 MN/m 1.20 MN/m

Table 29.1 Model parameters for test rig.

29.4 THE CONVOLUTION METHOD

29.4.1 Theory
For a linear system, the convolution integral (equation 10.1) can be used to combine the impulse 
response function with an arbitrary input. For a digital calculation, it is necessary to convert the 
integral into a summation using discrete values of the input and the impulse response function.

Consider a vehicle, with a road displacement dn as the input, and tyre force Д  as the output If 
the vehicle system is assumed to be linear, the convolution integral can be used to obtain the response 
f n at time nAi by adding together the separate responses to all the small impulses which make up 
the input time history dn over the preceding N lime steps, according to;

N
fn ~ ^dn-N+rhrAl,

*=» 1

where hr is the impulse response function, N -  T ^^/A i and Tmax is the duration of h(t)

129.9)
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Equation 29.9 can be used to determine the tyre force history for any road profile, assuming the 
system is linear. The dynamics of typical heavy vehicles are non-linear however, which will limit the 
accuracy of the convolution integral. One purpose of this investigation is to examine the effects of 
the non-linearities on the accuracy of the method.

In order to obtain the dynamic tyre force impulse response, the axle was excited by a 'non-perfect' 
step input. For such a discrete input, the transfer function H(o)k) between the tyre force f n and 
the road displacement input dn is given by the ratio of their discrete Fourier transforms (DFTs):

= (29.10)

7idr
where cok = -----  0 £ k £  Ni2

* NAt '

h = ] " ' Z f r ~ i(2*irlN) * = 0.1.2,.....( N - l )
N r~o

and Ojt = — £  dre~i(2xkrlN) * = 0,1,2, (N  -1 ) .
N r=0

The impulse response function h r  was obtained from the transfer function H ( ( O k )  using the 
inverse DFT:

hr = r = 0,1,2,......( N - l )  (29.11)
k=Q

which can be calculated using the FFT algorithm.

The convolution method can easily be extended to vehicles with P axles with the same input on each 
side (ie pitch-plane calculation). In this case equation 29.9 becomes:

A n

fj,n

f p tn

N-I
r= l h\P.r

—  b p ir

hjktr

••• hPP,r

dn-N+r

<*rt-N+r-arliV At.

dn-N +r-ar ifV

(29.12)

The method can easily be extended to three-dimensional models if left-hand and right-hand wheel 
path profiles are known.

The accuracy of the convolution method can be quantified by comparing its output with experimental 
results. The RMS difference e between two dynamic force histories f t\(t) and .faM  is first 
calculated. The 'Normalised RMS Error* (NRE) is defined as:

NRE= , -  - .  (29.13)

I ------------- T —
where e = yj(ftj (/) -  fai*)) » and f t \ (0  is Ле йгое averaged value of f t j ( /) .

In order to interpret the magnitude of the NRE for errors between measured and estimated maximum 
tyre forces, the RMS dynamic tyre force error, e can be normalised by the static tyre force / ^ , . 
The normalised error with respect to the static tyre force (the Error Coefficient of Variation or 
'ECOV) is therefore e /fst(U. The Dynamic Load Coefficient (DLQ is the ratio of the RMS dynamic 
tyre force to the static tyre force, so:

ECOV = DLCx NRE. (29.14)
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A typical value of DLC for heavy vehicles travelling at highway speeds over a poor quality road is 
0.25 (Section 7.4.2) Using this value, an NRE of 40% will give an ECOV of 10%. Assuming a 
narrow band (sinusoidal) dynamic tyre force, there will be a 10% error between the estimated 
maximum tyre force and the measured maximum tyre force. An NRE of 40% is therefore considered 
to be an acceptable (threshold) level of error. See [370] for further details.

29.4.2 Experimental Investigation

Results obtained from tests using the rig described in Section 29.3 were used in an experimental 
investigation of the convolution method. A smoothed step input was used to excite the rig, and 
displacement input and tyre force response signals were recorded. Equation 29.10 was then used to 
generate transfer functions for data from different amplitude inputs.

Figure 29.6 shows three experimentally determined transfer functions for different step heights. The 
results show clearly the effect of non-linearities on Н(щ). If the experimental vehicle was linear, 
the transfer functions would be independent of the input amplitude -  ie all three curves would be the 
same. As the step height increases: the amplitude of the low frequency bounce vibration decreases; 
the amplitude of high frequency wheel-hop vibration increases; and the two resonance frequencies 
decrease. It is interesting to note that although the frequency of the wheel-hop resonance decreases 
with step height, the 20 mm response shows an additional peak at the same frequency as the 4 mm 
response. There is also an anti-resonance at around 5 Hz, which is thought to be an artefact of the 
actuator or the test rig.

Impulse response functions were calculated from the transfer functions in figure 29.6, using equation 
29.11, and these are shown in figure 29.7. The frequencies and amplitudes of the various 
vibrational components can be seen to vary with the input amplitude.

The rig was also used to generate tyre force histories from random road profile inputs. Nine road 
profiles (three roughness levels) were used in conjunction with 21 impulse responses (seven 
different input amplitudes) to generate a series of convolved tyre force histories. These estimated 
tyre forces were compared with the measured tyre force histories using the NRE. An example is 
given in figure 29.8 for an impulse response generated from a step test of amplitude 10 mm, 
convolved with a smooth road profile. For this data, the NRE was 150%.
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Rg. 29.7 Unit impulse responses calculated from the transfer functions in figure 29.6. Responses shifted by ±10 
MN for clarity. From [372].

Fig. 29.8 Tyre force histories for a smooth road. The convolution calculation used the impulse response from a 
10 mm step test. From [372].

Figure 29.9 shows the NRE plotted against the amplitude of the step input used to generate the 
estimated tyre force. The graph shows that the optimum step height for minimum NRE increases 
with increasing road roughness, as expected. One other feature is that the NRE increases with road 
roughness. The magnitudes of errors seen in the experimental results essentially rule-out the 
convolution method (or any other linear method) for assessing the tyre forces generated by leaf 
spring suspensions.



INDIRECT VEHICLE TESTING
543

29.5 PARAMETER ESTIMATION METHOD

The parameter estimation method involves developing a mathematical model of the dynamics of the 
vehicle and suspension system, by determining experimentally, a set of parameters for a generic 
nonlinear vehicle model

There are a number of issues that need to be resolved in order to use the parameter estimation method 
in practice:

(i) A generic vehicle model is required. In this study, the simple two degree of freedom model 
described in Section 29.3 is used. However, the method could be extended to include 
multiple axles and sprung mass pitching motions.

(ii) The parameter estimation procedure must be developed. The field of parameter estimation is 
large (see review by Kallenbach [268]). The method developed in this chapter is effective for 
the system investigated.

(iii) In order to estimate vehicle parameters, instrumentation is required to measure response 
quantities in the indirect test. For the tests described in this section, accelerometers and 
displacement transducers were attached to the experimental rig. A force transducer was used 
to record tyre loads, but this was not physically attached to the rig (vehicle). This system of 
transducers was found satisfactory for characterising the dynamics of the rig, and was 
relatively straightforward to set up, compared to other instrumentation such as strain gauges 
Similar instrumentation could easily be attached to a test vehicle in a 'commercial' 
implementation of the test.

(iv) A simple repeatable road profile input is required to excited the dynamics of the vehicle. A 
smoothed step input was chosen for this series of tests. This input allowed the tyre and tyre 
table to remain in contact throughout the transient motion of the rig, at the same time as 
exciting the natural frequencies of the vehicle that are important for road damage (body 
bounce and wheel-hop). Such an input could be implemented cheaply in a real vehicle test
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29.5A Parameter Estimation

The set of equations used for parameter estimation consisted of the vehicle model equations 29.1 -
29.8. The parameters were estimated in four groups: (i) inertia parameters; (ii) tyre parameters; 
(iii) leaf-spring parameters; and (iv) damper parameters. For each group of parameters, a set of 
algebraic equations was obtained for each time step of the simulation:

.....) = £,• (29.15)

where and £, are the measured and estimated variable at time f, p, is the set of parameters 
being estimated, and £, is the error.

The parameter values were optimised to minimise the sum of the squared error over all time steps. A 
numerically efficient solution technique was used to solve these least squares problems [203]. The 
algorithm found the minimum of a constrained multi-variable function. This allowed constraints to 
be placed on the parameters, to improve the efficiency of the method. Approximate parameter values 
were assumed to be known, and constraints were set one order of magnitude above and below these 
values (it is reasonable to make this assumption for the current problem). See [203] for further 
details.

A series of tests was performed using step inputs of different heights to investigate the effect of 
system non-linearities on the parameter estimation. For each step input, the body and axle 
accelerations, the body and axle displacements and the tyre force responses were recorded. Tests 
were carried out for two configurations of the rig: with and without the hydraulic damper fitted. The 
parameter values determined by this method are given in the third column of Table 29.1 for a step 
height o f 20 mm.

Table 29.2 provides a summary of the fitting strategy. Mass parameters were estimated using the 
body and axle acceleration, and the tyre force response, as indicated in the first row of Table 29.2. 
The sum of squared error between the estimated tyre force (the product of accelerations and mass 
parameters), and the measured tyre force was minimised. A very good fit was obtained with the 
RMS error between the two tyre force histories typically 15 N for all step heights. There was less 
than 5% variation in estimated inertia with step height. For both the sprung and unsprung inertias, 
the estimates found using equation 29.1 agreed well with the values given in the second column of 
Table 29.1.

Tyre parameters were estimated using the tyre force and tyre deflection responses, as shown in the 
second row of Table 29.2. The sum of squared error between the estimated tyre force (the RHS of 
equation 29.3, and the measured tyre force was minimised. Figure 29.10 shows the fitted 
(estimated) and measured dynamic tyre forces for a 15 mm step up. In general there is reasonable 
agreement between the two force histories, although the estimated data shows a greater high 
frequency content than the measured data. The RMS error between the measured and estimated lyre 
forces varied between 50 N for small steps (4 mm) and 100 N for large steps (30 mm).

The suspension force and deflection can be measured (indirectly and directly respectively) on the rig. 
The velocity across the suspension can be found by differentiating the deflection. With this 
information, it is theoretically possible to calculate both the three leaf spring and the three damper 
parameters required to characterise the suspension system using equations 29.3 - 29.8. In practice 
however, the parameter estimation procedure was not able to identify the six damper and leaf spring 
parameters simultaneously, because several of the model parameters have similar effects on the 
vehicle dynamics, and these conflict during the optimisation process. To overcome this problem, the 
leaf spring parameters were found first, by testing the vehicle model with the damper disconnected. 
The damper was then reconnected and a second series of tests was performed in order to estimate 
damper parameters.

In practice, it would be straightforward to disconnect the dampers from the vehicle and perform a 
first test to estimate leaf spring parameters, and then reconnect the dampers and carry out a second
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test. (Alternatively, a quasi-static test could be used to estimate leaf spring parameters (114) without 
the need to disconnect the damper.)

Order Estimated
parameters

Quantities used in error 
calculation

Equations used 
for estimates

Signals used 
for

estimates

1 Inertia parameters 

Up* h o +m2LA^E)

Tyre force (measured) 29.1

2 Tyre parameters 

(*,. Nt)
Tyre force (measured) 29.3

3 Leaf spring 
parameters
(k. N.. P)

Spring force
(estimated from eq. 29.1)

29.4 *.0)

4 Damper parameters
(Cft, cr)

Suspension force 
(estimated from eq. 29.1)

29.8

Table 29.2 Summary of parameter fitting strategy.

29.5.2 Results for the Suspension With No Damper Fitted

Leaf spring parameters were estimated using the measured suspension deflection, and the suspension 
force, as indicated in the third row of Table 29.2. This force was not measured directly, but was 
determined using equation 29.1. The sum of squared errors between the estimated spring force 
(RHS of equation 29.4) and the 'measured' spring force (from equation 29.1) was minimised. 
Figure 29.11 shows variation of the estimated leaf spring stiffness envelope (k,) with input step 
height. These suspension parameter estimates arc similar to values determined from sinusoidal tests 
documented in Section 29.3 (figure 29.3).
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The estimated leaf spring stiffness changes rapidly for step inputs in the range 0-15 mm. For step 
heights above 15 mm, the parameter estimates do not change much. This indicates that step heights 
above 15 mm are likely to give the best parameter estimates.

These parameter estimates indicate that the largest errors in the model of the rig arose from the leaf 
spring model. However, the RMS force errors were less than 10% of the static load, which is 
probably acceptable, given the simplicity of the generic leaf spring model.

The parameter estimates were used in a non-linear vehicle simulation. A random profile was used to 
excite the rig, and the same (measured) road displacement was used as an input to the simulation. 
The simulated dynamic tyre force response was then compared with the measured tyre force history.

A typical tyre force history is given in figure 29.12 for a smooth road profile (corresponding to a 
’good’ primary road). The parameters used for the non-linear model in the simulation were 
determined from a 15 mm step down test. There is good similarity between the estimated and 
measured tyre forces. Figure 29.13 shows the spectral densities of the same data. This shows the 
discrepancies between estimated and measured tyre forces more clearly. The estimated tyre force has 
a bigger wheel-hop response (15 - 20 Hz), and a smaller body bounce response ( 2 - 5  Hz).

Figure 29.14 summarises the results from simulations using models with parameters estimated from 
the full range of step heights over which tests were performed. NREs were calculated for a range of 
relatively smooth road roughnesses. The speed of the vehicle model was 20 m/s, which resulted in 
measured DLCs of 0.07 - 0.12. Tests were carried out for step inputs up to 50 mm. For steps larger 
than this, the tyre table reached the end of its travel during the transient motion. Large errors 
between estimated and measured tyre forces were generated using parameter estimates from step 
heights of less than 15 mm. For small steps, there is not sufficient excitation to identify the 
parameters of the leaf spring model correctly. This can be seen in figure 29.11 where the stiffness 
estimate changes rapidly for small step heights.

As the step height increases above 20 mm, the NRE increases slightly. This is because the measured 
large scale force - deflection envelope in figure 29.2 is curved for large deflections, and not straight, 
as assumed in the model. This is also the reason why the NRE increases with road roughness.

For step heights between 15 and 30 mm, the NRE is at or below 40%. This is considered to be a 
reasonable threshold accuracy (equation 29.14) which indicates that for this type of suspension, the 
parameter estimation method probably gives sufficient accuracy to estimate the dynamic tyre forces 
for use in an assessment test.
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The non-linear method is much more accurate than the convolution method described in the previous 
section (figure 29.9), which showed a minimum experimentally determined NRE of over 130%.

Fig. 29.12 Tyre force history for rig with no damper, smooth road (model parameters from 15 mm step down test). 
From (372J.

29.5.3 Results for the Suspension With Damper Fitted

Damper parameters were determined from the suspension force (equations 29 8 and 29. J). The 
damper parameters were first estimated using the responses to separate step up and step down test* 
These two tests were found to yield very different parameter values. This is not surprising, smee the 
damper has different rates for extension and compression, and the initial damper force for steps up 
and down will be compressive and tensile respectively. Damper parameters were therefore estimated 
from an input signal comprising both a step up and a step dowo.
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The leaf spring parameters used in this section were those found in Section 29.5.2 (eg figure 29.11). 
The estimated mass and tyre parameters were very similar to results for Section 29.5.2. The main 
difference was a slight increase in the unsprung mass estimate, as the damper was attached to the 
axle, adding to its effective mass.

Using the parameters estimated from a 15 mm combined step-up and step-down test, the vehicle 
model was simulated over a random road profile, and results compared to experimental 
measurements. Figure 29.15 shows part of the time history for a smooth road and a vehicle speed of 
20 m/s. The responses show reasonably good agreement.

Fig. 29.14 NRE vs. step height for simulation using parameters obtained from step down tests (rig with no damper 
fitted). From (372).

Figure 29.16 shows results for a range of step heights in the parameter measurement (smooth road 
and speed of 20 m/s). For all step heights above 10 mm, the NRE is below the threshold level of
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40%, indicating that this method would probably provide acceptable accuracy for an assessment test. 
The graph is similar to results for the test rig with no damper fitted (figure 29.14).

Fig. 29.16 NRE vs. step height for simulation for rig with damper fitted. From [372].

29.6 CONCLUSIONS

(i) An experimental investigation of the convolution method over a limited range of road 
roughnesses (smooth roads only) showed unacceptably large errors with a minimum NRE of 
130%.

(ii) The experimental results show that the optimum step height for the convolution method 
increases with increasing road roughness, and also that the NRE increases with increasing 
road roughness. The optimum level of step input varies from about 10mm to 15mm. It is a 
function of the non-linearities in the suspension, and the combination of road roughness and 
vehicle speed for which the tyre forces are to be predicted.

(Ш) Parameters for a leaf spring and a bilinear damper were successfully estimated using step 
input tests with step heights above 15 mm. A step-up and a step-down test are required to 
obtain accurate parameters for the hydraulic damper.

(iv) The best method for estimating all six spring and damper parameters is to perform two series 
of step tests on the vehicle, one with the damper removed, and one with the hydraulic damper 
fitted.

(v) It was possible to estimate the parameters of a leaf spring vehicle, with and without a 
hydraulic damper, with a NRE less than the threshold level of 40% for a wide range of speed 
and roughness input levels. The parameter estimation method for assessing the dynamic tyre 
forces of vehicles is therefore viable.

It remains a topic of future research to implement the parameter estimation method for a full-scale
vehicle.
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30. i SUM M ARY

The discussion of Part 7 of the book on suspension assessment are reviewed. It is concluded that the 
most practical method of assessment testing would be to use a type approval' test on new vehicle 
models, combined with annual inspections of every vehicle to ensure adequate performance in- 
service. Various testing methods are discussed.

30.2 IM PLEM EN TA TIO N  ISSUES

30.2.1 The Move to Air Suspensions

Whether or not it is technically correct from a 'road-friendliness' perspective (see Chapters 19, 22, 
27), the overwhelming weight of technical opinion is currently pushing heavy vehicle suspension 
regulations towards soft, hydraulically-damped systems. This almost inevitably means air 
suspensions, even though there are feasible alternatives, such as torsion-bar suspensions. Air 
suspensions have the additional advantages of good ride performance, and a constant ride height, 
independent of the static load and stiffness. These factors are driving their wide-spread adoption, 
world-wide.

Current European regulations encourage the use of air suspensions (or "equivalent"), by providing a 
one tonne payload incentive [32]1. These regulations control the adoption of new suspensions, but 
have no provision for controlling the performance of the suspensions in-service. From the limited 
results shown in Chapter 19, it appears that some air suspensions can generate very high dynamic 
loads - probably because they have inadequate damping. It is thought that this is due to hydraulic 
dampers being fitted incorrectly, or poorly maintained2. This has the effect of increasing the road 
damage done by these vehicles. The only way to alleviate this problem is to have a requirement for 
adequate in-service damping for all suspensions.

30.2.2 Type Approval or Annual Test?

In the UK, heavy vehicles have to pass ’type approval' tests in order to use the road network. These 
currently assess brakes, emissions, structural integrity etc. They are performed once for each make 
and model of vehicle. Tractors and trailers are tested separately. A re-test is only necessary if the

1 The regulations consider any air suspension to be ‘road-friendly’, but only those steel leaf spring suspensions having 
appropriate natural frequency and damping characteristics. Air suspensions are not required to have adequate damping 
levels, when new or in-service.

2 Previous studies investigating dynamic tyre forces (eg those described in Chapter 7) have used well maintained 
vehicles, with good damping. The poor in-service performance of some air suspensions has not previously been 
identified.
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specification of the vehicle changes. The vehicle manufacturer is responsible for ensuring that the 
vehicle unit passes the tests. Once a vehicle is in use, its operators are responsible for ensuring that 
it passes an annual inspection test which certifies the truck to be road-worthy. This includes, for 
example, dynamometer testing of brake performance. A lest to assess road damage could, in 
principal, fit into either category of testing procedure: type approval or annual inspection.

It is important to note that the objectives of a type-approval test and an annual inspection may be quite 
different. While the former may need to test for 'road-fricndJmess', the latter may only need to check 
that the suspension is adequately maintained -  ie has working dampers, and low dry friction levels.
If different tests are used in each case, then it is important to consider how the two are related. (A 
good approach may be for the annual inspection to use one component of the overall type-approval 
testing procedure.)

A type-approval test would be relatively inexpensive to run, since only one test is needed per 
vehicle make and model. It could be performed at a central national test site if desired. However, if 
this lest was the only component in the suspension regulation system (as it is currently in Europe), it 
would inevitably lead to vehicles which passed the test when new and well maintained, but had poor 
performance after a period of operation, particularly due to worn dampers.

An annual test of ’road-friendliness’ would probably not be a viable option, because of the large 
infrastructure needed to test the whole vehicle fleet (see below). However an annual inspection of 
damper performance would appear to be feasible.

Thus a combination of type approval and annual inspection tests would seem to provide the best 
balance between the cost of regulation and road-damage generated by the vehicle fleet

30.2.3 Type-Approval Tests 

The Technically Rigorous Solution

Chapters 27 to 29 discussed the issues involved in 'technically rigorous’ assessment of road- 
friendliness. Because the vehicle and road systems are complex, there is no 'quick fix' testing 
system. The only way to assess road-friendliness (satisfying all of the requirements of Table 27.1 ) 
is to predict theoretical road damage for a given vehicle. This requires information about the dynamic 
tyre forces generated by all axles of the vehicle, for a range of typical operating conditions. 
Measuring or predicting these forces requires elaborate methods.

Measurement (Dirai Tests)
Road simulators or load measuring mats are viable options for measuring the dynamic tyre forces 
generated by all axles of many vehicles. Alternatively, each vehicle could conceivably be fitted with 
force measuring hubs on all wheels.

It would be necessary to have 'standard' tractor and trailer units available at each testing site. These 
units would need to be specified using a methodology similar to that described in Chapter 28. A 
range of testing speeds and road excitations would be required. If road tests were to be used (as for 
a load-measuring mat or instrumented hubs), great care would need to be taken over the 
design/specification of the road surface profile, and to ensure that it remained the same shape over 
time.

Any of these direct testing systems would be expensive to build and operate, and could only be 
implemented at a few national test sites.
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PrcUming Dynamic Tyre Forces (Indireü Jc&ttl

Indirect tests would be a much cheaper and more efficient solution than direct tests on whole 
vehicles1. The testing procedure would probably require a hydraulic actuator (with force and 
displacement transducers) which would apply a controlled displacement input to each axle of the 
vehicle in-turn. Simple removable instrumentation (accelerometers and LVDTs) mounted on the 
vehicle would be used to measure relevant responses. Tests would be required with and without the 
hydraulic dampers fitted to the suspensions.

The measured responses would be used to estimate the parameters o f a generic non-linear vehicle 
model, so as to generate an accurate mathematical model of the test vehicle unit. Mathematical 
models o f ’standard' tractor and trailer units could be developed using the same process (this would 
only need to be done once). These could be coupled mathematically to the model of the test vehicle. 
The whole (articulated) vehicle model could then be exercised in a computer, to calculate its 
responses to various input conditions. Road-friendliness could be assessed, using realistic road- 
damage criteria.

It would even be possible to simulate a 'fleet' of vehicles incorporating the tractor or trailer of 
interest, with a wide range of different attached vehicle units, and so calculate the average road 
damage done by that vehicle unit in-service. (This might resemble the simulation approach used in 
Chapter 28). The experimental identification of vehicle characteristics would only need to be 
performed once for the tractor units or the trailer units in isolation.

A Pragmatic Approach

Soft, hydraulically-damped suspensions generate smaller RMS dynamic tyre forces than other 
suspensions. Unfortunately, this does not guarantee that they are more Toad-friendly' for the 
reasons discussed in Chapter 27. Nevertheless, a widely held pragmatic view is to encourage their 
use, in the hope that, on average, this will reduce road damage.

In this case, the parameters which should be measured and controlled are the overall vertical stiffness 
and damping of the suspension (alternatively the bounce' natural frequency and damping ratio), and 
the damping of any unsprung-mass bounce or bogie pitch modes.

If suspension frequency and damping are to be assessed, then there are two key pitfalls. These 
prevent the European test [32], from satisfying requirements 2 to 4 in Table 27.1. They can easily be 
avoided, so as to make the testing process more objective.

Accounting for Sprung-Mass Characteristics

The aim of the test should be to measure the performance of the suspension -  not the characteristics 
of a vehicle and suspension combination. There are two problems with testing a suspension while 
it is mounted on a vehicle:

(i) the results are strongly influenced by the sprung mass and the moments o f inertia of the 
vehicle body (for example, see Table 27.3);

(ii) each vehicle unit has several natural modes of vibration, so it is possible to get different 
results for the natural frequency and damping depending on which modes are excited by the 
test input

Therefore, in order to obtain consistent results in a suspension + vehicle test it is necessary to test 
every suspension for a particular duty using the same standardised vehicle, and to excite the same 
mode of vehicle vibration on every test.

1 The parameter estimation method described in Chapter 29 would need to be developed further to include whole 
vehicle responses - but this is not thought to be too difficult.
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A much belter approach would be lo build a test rig, containing a representative rigid sprung mass 
which was constrained to move vertically, and to test every suspension using this rig. The test 
would therefore measure characteristics of the suspension under standard conditions, and not the 
characteristics of the vehicle to which it is mounted. Such a rig could be excited by transient inputs 
(eg a drop test) or steady-slate sinusoidal inputs.

Accounting for Non-Linearities
It is necessary to assess the performance of each suspension for a range of input excitation 
amplitudes and frequencies, so as to ensure that it behaves well on all typical road surfaces. By 
contrast, the European test only ensures adequate performance for very large amplitude transient 
inputs (see Table 27.3).

30.2.4 Annual Inspection
It would clearly be prohibitively expensive to assess 'road-friendliness* rigorously in an annual 
inspection test. The objective of an annual inspection lest should therefore be lo check that the 
suspension remains within a reasonable specification throughout its operating life. The main 
challenge would be to assess the integrity of hydraulic shock absorbers.

It is possible to gauge whether a car shock absorber is functioning by applying a transient force to 
one corner of the vehicle body. This is not possible with heavy vehicles, which have axle-group 
suspensions with two, or even four dampers per axle.

Damper function could be assessed in at least three ways:

(i) Remove each damper from the vehicle and measure its force-deflection performance in a 
simple test rig.

(ii) Attach a device such as that described in [218] to the body of each damper and drive the 
vehicle over a known bump.

(iii) Apply dynamic (sinusoidal) inputs to each axle in turn and measure the damping of the axle 
bounce and roll modes. These modes are essentially independent of the sprung-mass payload 
distribution, and of the suspensions on other axles in a group. So they are just a function of 
the axle inertia, the suspension springs and dampers. The excitation frequency would need to 
be somewhere between 8Hz and 20Hz. (Special testing methods may be needed for bogie 
suspensions.)

The three approaches to damper assessment above are all technically feasible and all suffer from a 
similar difficulty: In order to test the performance of the damper in the annual inspection, it is 
necessary to have some additional information which is specific to the damper or axle under lest:

(i) In the first and second approaches, the damper's in-service behaviour must be compared with 
its expected 'as-new' performance. The ’as-new' characteristics would either need to be 
supplied lo the testing authority by the damper manufacturer (perhaps engraved on the side of 
the damper), or measured as part of the initial type-approval test and carried in the vehicle's 
documentation.

(ii) In the third testing approach it would be necessary to have information about the mass and 
moment of inertia of the axle. This could be estimated, or provided by the vehicle 
manufacturer as part of the initial type-approval process.
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30.3 RECOM M ENDATIONS

On considering (he work reviewed in this Part of the book, it is recommended that a performance 
testing system for road-damaging potential should consist of both an initial type approval test as well 
as an annual inspection. The tests should have the features described in the following sections.

30.3.1 Type Approval Test 

Technically Rigorous Test

A 'technically-rigorous' type-approval test would be based on the parameter estimation method and 
would consist of the following basic elements:

(i) Simple single-axle measurements on each vehicle unit, using a hydraulic actuator to excite 
vibration of the vehicle; removable instrumentation to measure the motion; and an automated 
software system to estimate the parameters of a generic nonlinear vehicle model. The 
characteristics of the dampers would be recorded for use in the annual inspection.

(ii) A time-domain vehicle simulation program, to calculate the response of the vehicle unit of 
interest, when connected to a simulation model of a standard trailer or tractor unit. These 
standard units should be specified using the approach of Chapter 28.

(iii) Simulation of the vehicle combination's performance when subjected to a variety of typical 
highway test conditions (speeds and roughnesses).

(iv) Assessment of the wheel forces generated by the simulation program using the 95th percentile 
aggregate fourth power force criterion. The effects of tyre configuration on pavement stress 
should be taken into account in the calculations.

(v) The road damage results for various highway test conditions should be averaged to determine 
an 'in-service' vehicle damage index with which to rale the vehicle.

Pragmatic Tests

A pragmatic approach to type-approval would consist of a 'drop-test' on the suspension using a 
standardised test rig. It would contain the following elements:

<i) A test rig consisting of a rigid sprung mass, constrained to move vertically, and an unsprung 
mass (axle) with wheels and tyres. The suspension would be mounted between the sprung 
and unsprung masses.

(ii) A drop-test conducted from various heights (5mm to 80mm), in which the natural frequency 
and damping ratio of the system are measured. Tests should be performed with and without 
the suspension dampers fitted.

(iii) An assessment criterion based on the natural frequency and damping ratio o f the suspension 
with the proviso that a significant proportion of the energy dissipation should arise from the 
hydraulic dampers, as per the European test. The characteristics of the dampers would be 
estimated from the tests and recorded for use in the annual inspection.

30.3.2 Annual Inspection

An annual test should be performed to ensure that all hydraulic dampers on the vehicle perform 
within satisfactory limits. The simplest approach would be to build a standardised testing machine 
and compare the measured damper performance with the values recorded in the type approval tests.
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31.1 VEHICLE DYNAMICS

(i) Methods for characterising the roughness of road surfaces are well established. Techniques 
are available for artificially generating one, two or more correlated tracks across a random 
surface with specified statistical properties.

(ii) Straightforward and relatively accurate mathematical models exist for most common 
suspension elements used in heavy road vehicles including: leaf springs, air springs, 
hydraulic dampers, and computer-controlled dampers. Models of various suspension 
assemblies have been developed and validated: tandem and triaxle leaf spring and air spring 
suspensions; pivoted spring and walking beam suspensions, and so on.

(iii) Techniques for simulating the response of heavy vehicles to road roughness are well 
developed and validated.

(iv) Dynamic tyre forces of heavy vehicles can be considered to be Gaussian with typical RMS 
amplitudes approximately 10-30% of the static load. They increase with speed and road 
roughness. Most vehicles generate their dynamic tyre forces because of sprung mass motion 
in the 1.5-4 Hz frequency range, but some poorly damped axle group suspensions also 
generate large components at 8-15 Hz, due to unsprung mass vibration. All suspensions 
contribute to the dynamic loads generated by each axle of an articulated vehicle but the effects 
of structural vibration, roll-plane motion and tyre non-uniformities are small. Wheelbase 
filtering effects alter the frequencies at which dominant tyre forces are generated, depending 
on vehicle speed.

(v) Viscous damping and soft spring and tyre stiffnesses are desirable for minimising dynamic 
loads. Dry (Coulomb) friction is undesirable.

(vi) Multiple-axle suspension systems generally rank in the following order of increasing dynamic 
loads:

Semi-active Air spring 4 -spring walking beam 
(air spring) Torsion bar 6 -spring pivoted - spring

This order depends to a certain extent on the particular suspension system and test conditions.

(vii) The stiffness and damping properties of each suspension affect the dynamic tyre forces 
generated by each other suspension. It is possible to fit a 'good* suspension to one axle but 
thereby increase the dynamic tyre forces generated by other axles.

31.2 GUIDEWAY RESPONSE

(i) The principal features of the response of road surfaces to vehicle loads are relatively well 
understood. The primary responses of roads are essentially linear for vehicle loads, isotropic
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over short distances, dependent on the speed and frequency of the applied loads, and highly 
sensitive to environmental influences.

(ii) Mathematical models of the primary response of flexible pavements to dynamic wheel loads 
have been developed and validated. It is probably not necessary to use dynamic road 
response models for predicting road damage. Sufficient accuracy can be attained using 
simplified quasi-dynamic calculations, which account for the effects of vehicle speed but not 
loading frequency.

(iii) Typical elastic finite element models of jointed rigid pavements are capable of predicting their 
response to static loads when the pavement properties are known. The same models can be 
used to predict pavement response to dynamic tyre forces with reasonable accuracy.

(iv) The dynamic response of short-span highway bridges to moving dynamic tyre forces can be 
predicted with good accuracy, providing the modal responses of the bridge are known from 
measurements or mathematical models. When calculating the response of a bridge model to a 
passing truck, it is normally necessary to account for dynamic interaction effects.

31.3 ROAD DAMAGE MECHANISM S

(i) A simple linear viscoelastic rutting model can be used to predict the rate of permanent 
deformation in a pavement subjected to repetitions of a single load. The viscosity of an 
asphalt mixture can be estimated from routine test data, for a wide range of environmental 
conditions.

(ii) Linear elastic fracture mechanics predicts that roads should crack upwards from the base of 
the asphalt layer, except under conditions of extreme thermal cycles and low trafficking rates. 
This conflicts with field observations of 'top-down' cracks originating at the surface of some 
pavements.

(iii) A simple relationship was found between the elastic modulus o f the asphalt layer and 
cumulative fatigue damage in an accelerated test pavement. This type of stiffness reduction 
would be consistent with the formation of distributed micro-cracks at the base of the asphalt 
layer. Such cracks would not necessarily coalesce to form a single through-thickness crack 
during the service life. Therefore, significant fatigue damage could occur in the pavement 
without any cracks appearing at the surface.

(iv) Top-down cracks in asphalt pavements remain a mystery. However it should be noted that 
thick asphalt roads in Europe do not often crack - rather they fail by excessive permanent 
deformation. This would appear to indicate either that fatigue cracking is insignificant, or that 
where it occurs, it is invisible: below the surface. It may only be detectable from a change in 
surface deflection or other non-destructive in-situ measurement on the pavement.

31.4 V EH ICLE-GUIDEW AY IN TERA CTIO N

(i) Individual static axle loads are much more important than gross vehicle weight in fatigue 
damage, whereas the opposite is true for rutting.

(ii) Static analyses have shown that optimum spacings exist for axles in tandem and triaxle 
groups. These minimise road damage for given static loading conditions.

(iii) The physics of uneven load sharing in some axle group suspensions is relatively well 
understood. Depending on the assumptions, theoretical road damage may be increased by a 
factor of 1.2 to 2.9 for tandem suspensions with (typical) load sharing error of 20% 
(LSC a  0.8).
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(iv) Variations in tyre contact conditions, including the number and type of tyres on an axle, 
contact area, pressure and pressure distribution, mainly influence primary pavement 
responses just below the surface of flexible pavements, particularly for thin wearing courses. 
Subgrade rutting and fatigue damage in thicker pavements are largely governed by the total 
wheel load.

(v) Various experimental and theoretical studies have indicated that single and 'super-single' 
tyres can inflict up to 10 times more fatigue damage to thin asphalt pavements than dual tyres 
carrying the same static load. Tyre contact conditions are less important for rutting of thicker 
flexible pavements for which wide single tyres arc only 1.5 to 2 times more damaging than 
dual tyres. Tyre type has little influence on fatigue damage of rigid pavements.

(vi) Theoretical road fatigue damage increases with road roughness and vehicle speed. For 
flexible pavements, it may decrease at higher speeds due to decreasing primary dynamic 
response of the road structure. Depending on the method of analysis, assumptions, and 
mode of failure, dynamic wheel loads increase average theoretical road damage by 10- 
40 %, and peak theoretical damage by a factor of 2 to 4 over the damage due to static loads, 
for typical vehicles and operating conditions.

(vii) The dynamic loads generated for given test conditions are repeatable in space on subsequent 
tests. Approximately half the vehicles in a typical traffic stream contribute to a pattern of 
repeated loading on the pavement. The implication of this conclusion is that fatigue failure of 
pavements is likely to be governed by peak dynamic forces at specific locations along the 
road.

(viii) Calculation of absolute values of road damage to flexible pavements requires use of damage 
criteria which incorporate road response models. Such models are also needed if the 
influence of axle and tyre configurations are to be included in vehicle assessment.

(ix) Vehicle suspensions rank in essentially the same order for fatigue and rutting damage, 
irrespective of road strength.

(x) The ranking of axle-group suspensions depends on the pavement damage criterion used. 
This is due to the degree of spatial correlation between tyre forces. The DLC is unable to 
distinguish correctly between the road-damaging abilities of different axle group suspensions, 
and therefore it should not be used for suspension assessment purposes. The aggregate force 
approach is considered to be a more realistic, yet comparatively straightforward assessment 
criterion.

(xi) Dynamic forces are not important in rutting damage, where gross vehicle weight is the 
dominant factor. Conversely, dynamic forces are important in fatigue damage, and relatively 
low levels of dynamic loads can lead to theoretical damage up to 2.5 times the value for static 
axle loads.

(xii) Some trailer and drive axle-group air suspensions on the highway cause relatively high 
pavement damage, probably due to lack of suspension damping.

(xiii) A whole-life pavement performance model that is capable of making deterministic predictions 
of fatigue, rutting and surface roughness throughout the life of a pavement has been 
developed. The model includes the following features: (a) dynamic tyre forces; 
(b) environmental effects; (c) realistic pavement stiffness variations and surface roughness;
(d) a realistic asphalt modulus degradation law due to fatigue damage; and (e) surface and 
subgrade rutting.

(xiv) For thin flexible pavements (125mm) where the mode of failure is fatigue, neglecting surface 
roughness induced dynamic loads and asphalt layer thickness variations may result in a 90% 
under-prediction of the fatigue damage at failure. For thicker flexible pavements, where the
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mode of failure is likely to be permanent deformation, asphalt thickness variations and 
dynamic tyre loads play little part in road surface life.

(xv) Changing from a fleet of steel sprung vehicles to a fleet of air sprung vehicles is estimated to 
increase the life of thick asphalt roads (motorways), that fail by rutting, by less than 3%. 
Conversely, the life of minor roads may increase by between 40% and 90%, depending on 
the sensitivity of the deformation of the lower pavement layers to strain level.

(xvi) The dynamic road stress factor approach used in EC regulations considerably overestimates 
the potential benefits of 'road friendly' suspensions on thick constructions (motorways) and 
underestimates the potential benefits on thin constructions (minor roads) that fail by fatigue 
damage.

(xvii) Air-sprung vehicles cause lower dynamic responses of short-span highway bridges because 
they have lower natural frequencies than most of these bridges; apply smaller dynamic loads 
to the surface, and aie often more heavily damped than leaf-sprung vehicles.

31.5 SUSPENSION DESIGN

(i) A suspension with about one-fifth the stiffness and twice the damping of a typical tractor drive 
axle air suspension is needed to minimise road damage. There is little compromise between 
theoretical Road Damage and roll-over threshold if an anti-roll bar is employed.

(ii) Simple modifications were made to the steel spring suspension of a tandem axle trailer 
(addition of rubber blocks and additional dampers). It was found experimentally that RMS 
dynamic tyre forces could be reduced by 15% and theoretical road damage by 5.2% (see figure 
31.1, bar 1).

(iii) A mathematical model of an air-sprung articulated vehicle was validated, and its suspension 
was optimised according to the simple models. This vehicle was predicted to generate 9% less 
damage than the leaf-sprung vehicle in the unmodified state and it was predicted that, for the 
operating conditions examined, the road damage caused by the whole vehicle could be reduced 
by a further 5.4% (figure 31.1, bar 2).

(iv) It was shown experimentally that computer-controlled semi-active dampers have the potential to 
reduce road damage by typically 5-6%, compared to a soft air suspension with optimum 
passive damping (figure 31.1, bar 3).

(v) Reductions in Road Damage by the whole vehicle are not simply related to reductions in the 
RMS dynamic tyre forces generated by individual axles... All axles are involved, and must be 
improved.

(vi) A key requirement of controllers of semi-active dampers is to compensate for the time delays 
caused by compressibility of the hydraulic fluid and flexibility of the damper.
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31.6 SUSPENSION ASSESSMENT

(i) Assessment of vehicles for 'road-friendliness' should be based on criteria that mesure road 
damaging potential. However, it appears to be impractical to ba.se an assessment procedure 
on direct tests of whole vehicles.

(ii) The road-damaging potential of an axle or vehicle cannot be determined from the parametric 
measurement prescribed by the EC step test because: (a) it does not use assessment criteria 
that are based on road-damaging potential; (b) it does not provide excitation comparable to 
normal highway operating conditions; (c) the dynamic force* generated by an axle cannot be 
characterised by a single natural frequency and damping ratio; (d) the frequency which 
dominates dynamic tyre forces changes with vehicle speed and the amplitude of input 
excitation.

(iii) The existence of dynamic interaction between the tractor and trailer makes accurate 
assessment of road damaging potential difficult in practice. Nevertheless, it appears to be 
possible to specify a standard tractor, with which to lest all trailers; and a standard trailer, 
with which to test all tractors. The optimum specification of these standard vehicles depends 
strongly on the make-up of the vehicle fleet.

(iv) It is possible to estimate the parameters of a leaf spring vehicle model, with and without a 
hydraulic damper, with acceptable accuracy, using measurements based on simple laboratory 
tests. It therefore appears that the 'parameter estimation method* is a viable method fix 
assessing the dynamic tyre forces generated by heavy vehicles The assessment criteria could 
be based on realistic measures of road-damaging potential.

(v) Two different methods were suggested for performance testing of heavy vehicle suspension*. 
Both involve an initial type-approval test and subsequent annual inspection to confirm that 
the suspension operates within reasonable performance limits throughout ils life. One lest 
measures the road-damaging potential of the suspension when lilted to a vehicle, while the 
other tests the spring rate and damping performance.
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32.1 RECOMMENDATIONS

32.1.1 Recommendations for Tyre and Suspension Design

(i) Dual tyres generate lower ground contact pressures, and therefore less road damage than 
wide single tyres carrying the same static load.

(ii) Suspensions should have low vertical stiffnesses while maintaining adequate roll stability.

(iii) Dry friction should be minimised. This reduces dynamic loads and generally improves static 
load sharing in axle group suspensions. Suspension damping should be provided by 
hydraulic shock absorbers.

(iv) Centrally-pivoted suspensions (eg walking beams) should have sufficient viscous damping to 
prevent lightly damped tandem pitching motion.

(v) Suspensions with optimal passive damping and soft springs can be improved by the use of 
semi-active suspension dampers.

32.1.2 Recommendations for Road Design and Construction

(i) Fatigue design of roads should account for large overloads at some locations, caused by 
dynamic tyre forces. Such overloads can cause up to a factor of four reduction in fatigue life 
of thin pavements, and are likely to be an important reason for discrepancies between 
pavement life predictions and field performance.

(ii) Road surfaces should be as smooth as possible over the range of wavelengths that affect 
heavy vehicle dynamics: 0.5 rn to 20 m.

(iii) Roads should be constructed with the smallest possible strength and stiffness variations. 
Weak spots can be degraded badly by dynamic loads and should be minimised.

32.1.3 Recommendations for Vehicle Regulation

(i) Substantial reductions in road damage (approximately a factor of three) could be achieved by 
encouraging improved static load sharing in axle group suspensions (which can be tested by 
simple static load measurement) and by encouraging the use of dual lyres on heavily loaded 
axles.

(ii) According to the current state of knowledge, the potential reduction in road damage 
achievable by regulating tyre configuration and static load sharing may be significantly greater 
than the benefits of discouraging particular generic suspension classes.

(iii) The exceptions to (ii) are centrally-pivoted suspensions with lightly damped pitching 
vibration modes. These suspensions should be discouraged, or regulations introduced to 
ensure adequate pitch damping in service.
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(iv) The EC 'drop test' is not a reliable way to assess the road-damaging potential of heavy 
vehicles and should not be used as the basis for future road-friendly' suspension 
regulations.

(v) A suspension assessment programme should include two components: an initial type 
approval test, performed on each vehicle (or suspension); and an annual inspection to 
confirm compliance with in-service damping requirements.

(vi) Two different approaches are available for performing the initial type approval test. These are 
presented in Chapter 30.

32.2 FUTURE RESEARCH

Many aspects of the interaction between heavy vehicles and roads are now well understood and can
be measured/modelled/predicted accurately. These include:

(i) the dynamic characteristics of most common forms of heavy vehicle suspension elements;

(ii) the dynamic tyre forces generated by individual heavy vehicles due to road surface roughness 
and die influence of most common forms of suspensions and tyres;

(iii) the patterns of dynamic loading generated by fleets of vehicles (spatial repeatability);

(iv) conventional and computer controlled methods for improving the performance of heavy 
vehicle suspensions, so as to minimise their road-damaging effects;

(v) the dynamic response of flexible and rigid pavements to dynamic vehicle loads;

(vi) the dynamic response of short-span highway bridges to heavy goods vehicles;

(vii) the influence of suspension and tyre factors on theoretical road damage.

There remains considerable further work to be performed on the damage to roads caused by heavy
vehicles:

(i) Many important issues concerned with assessing the road-damaging performance of heavy 
goods vehicles have been investigated and understood. A practical assessment method, 
which can account for the most important vehicle factors, including the main sources of 
nonlinearity, has been tested on a model vehicle rig in the laboratory. Considerable work still 
remains to try out the proposed method on full-scale heavy vehicles and convert the method 
into a standard vehicle testing procedure.

(ii) Methods and devices are needed to monitor the in-service performance of heavy vehicle 
dampers, so as to ensure that vehicles with air suspensions are indeed 'road-friendly' 
throughout their service lives.

(iii) Considerable development work is still needed on hardware for computer-controlled 
suspension elements. In particular, efficient methods are needed for compensating for time 
delays in controllable components.

(iv) There is a severe lack of information concerning the failure mechanisms of paving materials, 
particularly the deformation and fatigue characteristics of asphalts, and the rutting 
characteristics of granular materials. A substantial body of fundamental research is needed in 
this area.

(v) Mathematical models have been developed to predict the long-term performance of roads 
subject to heavy vehicle loads and the environment. There is a need to validate these models 
and keep them up to date by incorporating the latest infoimation about the damage 
mechanisms of road materials.
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32.3 CLOSING COMMENTS

There are significant benefits available through the introduction of more ’road-friendly' heavy goods 
vehicles.

Improvements in vehicles which minimise dynamic tyre forces and hence road damage are also 
generally good design practice They reduce vehicle vibration levels, and improve ride comfort and 
road holding, which are attractive vehicle selling features. It is in the interests o f manufacturers to be 
pro-activc in this regard.

Operators can benefit from better vehicles, through reduced payload dam age, reduced vehicle 
maintenance bills, and by improved public perceptions of the heavy vehicle industry. There is also 
the possibility of load or taxation allowances for vehicles with ’road-friendly’ suspensions, as per 
the regulations introduced recently in Europe.

Governments and lax payers can benefit through reduced road maintenance bills and hence more 
economic transport of freight by road.

It is therefore in everyone's interests to advance the state of knowledge in this area and to minimise 
the costs to the world economy of freight transportation, road construction and maintenance.
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APPENDIX A 
ABBREVIATIONS

AASHO American Association of State Highway Officials (former name of AASHTO) (USA)
AASHTO American Association of State Highway and Transport Officials (USA)
ALF Accelerated Loading Facility
ARRB Australian Road Research Board

BA Body Acceleration

BB Benkleman Beam

BPR Bureau of Public Roads (USA)

CBR California Bearing Ratio

CRB Cramer-Rao Bound

CSE Conventional Simulation Error

CUED Cambridge University Engineering Department

DAFC Dynamic Aggregate Force Coefficient

DBM Dense Bituminous Macadam

DFT Discrete Fourier Transform

ЕЯ Dynamic Response Increment (Bridges)

DLA Dynamic Load Allowance (Bridges)

DLC Dynamic Load Coefficient

DOF Degrees of Freedom

EC European Community

ECOV Error Coefficient of Variation

EGH Extended Ground-Hook control

ESAL Equivalent Standard Axle Load

EU European Union

FE Finite Element

FEA Finite Element Analysis

FFT Fast Fourier Transform

FHWA Federal Highway Administration (USA)

FSF Full State Feedback

FWD Falling-weight Deflectometer

HiL Hardware in the Loop testing method

HRA Hot Rolled Asphalt

1RI International Roughness Index

LEFM Linear Elastic Fracture Mechanics

LSC Load Sharing Coefficient

LVDT Linear Variable Differential Transformer
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MIRA
MS-WIM

MSD
NDT

NLGR
NRE
OECD
OHBDC
OPR
OPRI
ORI
PCC
PDF
PEN
PI
РШ
PLC
PLRF
PSD
PSI

P-P
R&B
RMS
SAC
SAFSF
SAMSD
SD
SDN
SE
SHRP
SRI
TF
TRL
TRRL
VMA
WIM
WLPPM

Motor Industry Research Association (UK)
Multiple-Sensor Weigh in Motion 

Modified Skyhook Damping 
Non-Destructive Testing 
National League for Good Roads (USA)

Normalised RMS Error
Organisation for Economic Co-operation and Development 
Ontario Highway Bridge Design Code 
Office of Public Roads (USA)
Office of Public Road Inquiry (USA)
Office of Road Inquiry (USA)
Portland Cement Concrete 
Probability Density Function 
Penetration 
Penetration Index
Proportional, Integral, Derivative (Controller)
Phase Lag Compensation 
Pavement Life Reduction Factor 
Power Spectral Density 
Present Serviceability Index 
Peak to Peak
Ring and Ball (softening temperature)
Root mean square
Semi-Active Constraint
Semi-Active Full State Feedback
Semi-Active Modified Skyhook Damping
Suspension Deflection
Spatial Distribution Number
Simulation Error
Strategic Highway Research Program 
Spatial Repeatability Index 
Tyre force

Transport Research Laboratory (UK)

Transport and Road Research Laboratory - former name of TRL, (UK)
Voids in Mixed Aggregate
Weigh-in-Motion

Whole-Life Pavement Performance Model
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This h an db oo k d i s c u s s e s  tyre-road contact  forces ge ne ra t ed  
by h e a v y  v eh ic le s .  their i nf luence  on road surface  and  
br idg e  r e s p o n s e  and d a m a g e ,  a s  wel l  as  w a y s  oi reg ul at ing  
a nd  i mproving  v e h i c l e s  so  as  to mi ni mis e  road d am a g e .

T he m a in  in c e n t iv e  for u n d e r s ta n d in g  v e h ic le - ro a d  in te r a c 
tio n  is  th e  p o s s ib i l i ty  of re d u c in g  th e  ro ad  d a m a g e  c a u s e d  
by h e a v y  v e h ic le s  a n d  th e  very  h ig h  a s s o c ia te d  c o s ts . T h is  
m ay  b e  a c h ie v e d  by h ig h w a y  a u th o r i t ie s ,  th ro u g h  im p ro v e d  
d e s ig n  a n d  c o n s tru c tio n  of ro a d s ;  by g o v e rn m e n t a g e n c ie s ,  
th ro u g h  r e g u la t io n s  in te n d e d  to  e n c o u ra g e  th e  u se  of m ore  
'r o a d - f r ie n d ly ' v e h ic le s ;  or by v e h ic le  e n g in e e r s ,  th ro u g h  
d e s ig n  of im p ro v e d  v e h ic le  c o n f ig u ra tio n s  a n d  s u s p e n s io n s ,  
w h ic h  m in im is e  ro a d  d a m a g e .

T h e  boo k  p ro v id e s  a  u n if ie d  m e c h a n is t ic  a p p ro a c h  to  th e  
e n t i r e  su b je c t ,  c o v e r in g  th e  m a in  to p ic s  of. v e h ic le  d y n a 
m ics; d y n a m ic  ty re  fo rces; w e ig h -in -m o tio n ; p a v e m e n t a n d  
b r id g e  r e s p o n s e ,  d a m a g e  m e c h a n is m s  of p a v in g  m a te r ia ls ;  
v e h ic le -g u id e w a y  in te ra c t io n ;  s u s p e n s io n  d e s ig n  to m in i
m is e  ro a d  d a m a g e ,  a n d  a s s e s s in g  ro a d -d a m a g in g  p o te n t ia l  
of v e h ic le s  for re g u la to ry  p u rp o s e s .  It in c lu d e s  25 l i te r a tu r e  
re v ie w s , c o v e r in g  to p ic s  from  a s p h a l t  d e fo rm a tio n  to w e ig h -  
in -m o tio n , a n d  c it in g  o v e r 500 re fe re n c e s .  It d i s c u s s e s  b o th  
th e  f u n d a m e n ta l  m e c h a n ic s  of th e  m e c h a n ic a l  a n d  c iv il 
e n g in e e r in g  sy s te m s , a s  w e ll a s  p ra c t ic a l  a n d  im p le m e n ta 
tio n  is s u e s ,  a n d  th e re fo re  p ro v id e s  b o th  a firs t in tro d u c tio n  
to th e  s u b je c t  a n d  a  c o m p re h e n s iv e  re fe re n c e  so u rc e .

T h is  h a n d b o o k  is e s s e n t ia l  r e a d in g  for m e c h a n ic a l  a n d  c iv il 
e n g in e e r s ,  r e s e a r c h e r s  a n d  p o lic y  m a k e rs  in  th e  h e a v y  v e h i
c le  a n d  h ig h w a y  e n g in e e r in g  in d u s tr ie s .
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