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INTRODUCTION

Current mechanistic pavement design and analysisiigues use several simplifications to

enable the process to be practical and cost-effeciihese include equivalent vehicle loads,
linear elastic analysis and static vehicle load ga¥ement response analysis. These
simplifications allow the process of pavement desimd analysis to be applied by the

majority of engineers, but do cause the procedsettess realistic. In recent years attempts
were made to incorporate more realistic effects pavement design and analysis. These
include incorporation of moving and moving dynamehicle loads, and dynamic pavement

response effects.

In an ongoing research development, the CSIR issitiyating the effects of moving dynamic
loads and dynamic pavement response for typicathSAfrican conditions. The ultimate
goal is to provide a relatively simple but accuratethod for normal day-to-day use,
incorporating these effects where necessary.

As part of the development of the analysis procegdtire aim of this paper is to present the
dynamic vehicle and tyre load effects for incorpiorainto the analysis procedure. This is
achieved by investigating tyre loads. Thereaft@gdrprinting of South African vehicles is

discussed, followed by a discussion on the rexfltthe simulated tyre loads of various
vehicles. Current design loads are compared tosthmilated loads, and proposals for
incorporation of moving dynamic tyre loads into pment design are made.

! This paper is an extract of PhD studies being uoted at the University of Pretoria.



REAL LIFE TYRE LOADS
Characterisation

Pavement loading has been shown by various autbol® a dynamic (time-dependent)
phenomenon (Divine, 1997; Cebon, 1999). A paveregperiences a vehicle as a moving,
time-varying set of contact stresses applied atpheement surface. These stresses are
determined by the static load carried by each tyredynamic variation in load at each tyre
(as affected by the suspension and tyre charaitsjisthe nature of the pressure distribution
arising from the total load applied to the surfacéer the tyre, and in-plane forces applied to
the surface in the form of shear stresses (Gikespal, 1993). The dynamic load component
has been shown to increase the static load compdmerbetween 5 and 50 percent,
depending on factors such as the vehicle (and ebiomponents) dynamic response, vehicle
operating conditions and pavement roughness IByglamic load profiles for heavy vehicles
are characterised by two distinct frequencies. Boalynce generally dominates the dynamic
loading, and is mainly caused by the response @fsiprung mass of the vehicle to the
pavement roughness. Axle hop becomes more signifatahigher vehicle speeds and higher
pavement roughnesses, and is mainly caused by eheion of the unsprung mass to
pavement roughnesses (Gillespie, 1992).

Generically tyre loads vary in two distinct wayseTfirst is the variation of load between
different vehicles and tyres travelling on a pavethahile the second is the varying loads
applied by a specific tyre along the pavement. fitst type of variation has traditionally

been accommodated in pavement analysis throughstef equivalent load concepts. The
second type of variation in loads is that causedthy pavement roughness-induced
movement of the vehicle. This is traditionally temndynamic pavement loading (Divine,
1997).

Tyre load definitions
Four types of tyre loading can be identified:

1. A load that is independent of time and posifitns constant load magnitude) and the
position is independent of time, is termefaic Load (9.) (a parked vehicle);

2. A load that is independent of time and positftirus constant load magnitude) but
where the position is dependent of time, is term&tbving Constant Load (MCL) (a
typical Accelerated Pavement Testing device load VS Mark 111));

3. A load that is dependent of time and independépbsition (thus the load magnitude
changes according to a time-based function) angbdiséion is independent of time,
is termed @ynamic Load (DL) (a Falling Weight Deflectometer (FWD)), and

4. A load that is dependent of time and positidrugt both the load magnitude and
position changes according to a time-based funcaod the position is dependent of
time, is termed a@loving Dynamic Load (MDL) (a real vehicle driving on a real
pavement).

Essentially real traffic cause either Static Load$/loving Dynamic Loads, while Dynamic
Loads and Moving Static Loads are mainly used seaech to simplify the understanding of
pavement response.



Fingerprinting of vehicles and loads

Current information regarding typical vehicle andvement components in South Africa
(fingerprinting) is needed to analyse dynamic logadsperly. Fingerprint data typically
originate from sources such as are the Nationaffigrénformation System (NATIS),
national and provincial pavement management sys{@MS) databases, component
manufacturers, fleet operators and various othdsligations citing statistics regarding
vehicles and roads. Some difficulties in collectitigs type of information should be
appreciated. Component manufacturers and fleetagpsrare generally not willing to part
with information they regard as strategic to thrisiness. Trends and assumptions have to be
used as input for these parameters. It is experiniverms of money and manpower to
sample vehicles to collect the information, andhssamples are easily biased due to the
location, season or conditions under which the $amspgaken.

The main vehicle components identified for fing@rpng and discussed in this paper are the
tyres, suspension, configuration and speed of #f@cle. Radial tyres are increasing in

popularity in South Africa, with estimates rangibngtween 50 and 70 per cent of the heavy
vehicle market (Barnard, 1997) and surveys indicgtip to 95 per cent (SATMC, 1997) of

heavy vehicle tyres on the road to be radial. Thestnpopular heavy vehicle tyre size in

South Africa is the 12R22.5 tyre size (50 to 59 qant) followed by the 315/80R22.5 (19 to

27 per cent) (SATMC, 1997). Super single tyres makdetween 0.8 and 2 per cent of the
market (SATMC, 1997; Steyn and Fisher, 1997). Tigflation pressures for heavy vehicles

in South Africa range between 150 and 1 000 kPay(Sand Fisher, 1997), where the

150 kPa tyre inflation pressure clearly reflectdeminflated tyres.

Steel suspension is mainly used in South Africahe Turrent air suspension usage is
estimated to be between 5 and 20 per cent of allyheehicles, and to be limited mostly to
special types of vehicles such as those conveyiagilé goods (Campbell, 1997). Rigid,
articulated and interlink vehicles constitute theee most popular vehicle classes in South
Africa (approximately 80 per cent of heavy vehigl@SAAMSA, 1998; Nordengen et al,
1995). Average speeds for heavy vehicles on natimads in South Africa are 79,9 km/h
(standard deviation 10,2 km/h) (Bosman et al, 199bis is related to the legal speed limit of
80 km/h for trucks on the 40 roads included infthgerprinting.

Dynamic vehicle response simulations

Data of 3 vehicle types operated over 3 pavemdr@speeds with 3 load levels were used to
simulate dynamic tyre loads. A static approacterimediate approach (Tire Force Prediction
programme (TFP)) and a complicated approach (Dymafmalysis and Design System
(DADS) (DADS, 1997)) were used to obtain simulatie loads. Only tyre loads at constant
speeds were evaluated. The three speeds used fsinthlations relate to the maximum legal
speed for most heavy vehicles (80 km/h), a slovedd0 km/h) and an illegally high speed
of 100 km/h. The three load conditions consisteGmfempty load, a legal maximum load
and a typical overload (10 per cent) equal to thanhd for typical South African conditions
(Nordengen, 1999).

The pavement data used for the tyre load simulat@comsisted of the pavement profiles of
three typical pavements. Typical national pavemeaghnesses in South Africa were shown
to be around 2,0 HRI (Half-car Roughness Index)nfiameyer, 1998). Three sections of
roughness 1,2 HRI, 3,1 HRI and 5,3 HRI were used.



The dominant unit of load used is the load on glsityre of the vehicle. This approach was
selected as it is possible to calculate the loadany combination of tyres and/or axles when
the loads on single tyres are available.

Static versus dynamic tyre load populations

The tyre load data obtained from the simulationseweharacterised using both a statistical
and a spectral approach. The statistical approaoBisted of calculating various standard
statistical parameters of the data sets. A tymigatulative distribution of tyre loads is shown
in Figure 1. The static data, 10 per cent overldatiggh speed and high roughness data for a
typical vehicle are shown. This indicates the re¢taeffects of each of the three parameters
investigated on the simulated tyre loads. Figuig dffected severely by the selection of only
3 load cases (empty, 100 per cent payload and &éd6gnt payload). A smoother population
would result from selecting a continuous range aflpads, as would be found in reality.
Such a range of load options was not economicalgible for this project.

The spectral approach consisted of calculatinglmeinant frequencies present in the sets of
vehicular load data, using the Power Spectral Den$SD) approach. The energies for
various frequency bands (calculated as the areardhd PSD curve) were also calculated.

A typical PSD curve is shown in Figure 2 for sintathtyre loads. The axle hop and body
bounce frequency ranges are shown. A typical domibady bounce frequency is shown at

a wavelength of approximately 21 m. The ultra loegtiency range indicated (wavelengths
longer than 100 m) is the region at which statadlalata is shown in the PSD. Although this
data does not realistically have a wavelength nthéhematical procedure used indicated the
PSD of these components as having very long wagtienAnalysis of a static data set with

the PSD approach confirmed this phenomenon.

Parameter effects on tyre load populations

The tyre load data obtained using the various sitiaris were analysed to determine how the
data for the various tyres, axles and vehicles @Bt Visual comparison of this data
indicated:

* The average tyre loads decreased as the numbehedlsvon a vehicle increased, and
increased as the payload on the vehicles increased,;

« The standard deviation in tyre loads increaseti@sehicle speed increased;

« The maximum tyre loads increased with both incréapayloads and pavement
roughness;

* The minimum tyre loads increased with increasedgaals and decreased with increased
vehicle speed and pavement roughness;

* The sample variance increased with increased \ebp#ed,;

» The Dynamic Load Coefficient (DLC) decreased witbreased payload.
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It thus appears that the average tyre load and BiteCfunctions of the actual load on the
vehicle, while the standard deviation and sampt&awxae are functions of the vehicle speed
and pavement roughness.

Differences between the means, the standard dewvstihe medians and the distributions of
the data sets were analysed statistically. Nonefgroups of tyre load data compared had
statistically significant differences in the groughemselves. Statistically significant
differences with a confidence level of 95 per axisted between most of the data sets. Most
of the differences between the tyre loads on tleer&ingle, and the drive/trail and
tandem/tridem axles groups lie in the fact thatladl steer axles are single axles. These axles
are less affected by the payload on the vehiclee Gohod relationship between the
tandem/tridem and drive/trail axle data stems ftbm fact that the drive and trail axles are
mostly tandem and tridem axles for the conditionsestigated. The reason for the
differences between the tyre loads on the left agldt wheeltracks is the camber in the
pavement that causes the left wheeltrack tyre ltatie higher than the right wheeltrack tyre
loads.

The data obtained from the DADS simulation diffefeain the data obtained from the TFP
simulation, and both the DADS and the TFP dateedkil from the static data set. The static
data centred around the empty drive and trail ajdesund 10 kN tyre loads) and the full and
10 per cent overloaded axles (around 25 kN tyrddparhe simulated dynamic load histories
from the TFP and DADS simulations showed a high@ndard deviation around these two
data points than the static data. The effect ofdyremic component of the tyre loads is thus
that the tyre loads are spread along a wider rdnge when only the static tyre loads are
considered. Differences between the DADS- and TiFRHated tyre loads mainly exist
because of simplifications used in the TFP analysis

Statistically significant differences existed begénehe tyre loads from the rigid, articulated
and interlink vehicles. The data for the articuland interlink vehicles are closer related
than between the rigid vehicle and any of the otiwervehicles. This may be because of the
rigid vehicle having two single axles, and the cafisted and interlink vehicles being
combinations of truck-tractors and semi-trailershwteandem and tridem axles carrying the
bulk of the payload. The GVMs of the articulated amerlink vehicles are also closer related
to each other than to the rigid vehicle’s GVM.

Detailed analysis indicated that under high speetiraughness and low load conditions, the
tyres may lose contact with the pavement for up, 29 per cent of the distance travelled.

Typical body bounce frequencies of between 1,6 &2dHz, and axle hop frequencies of
between 11,3 and 18,5 Hz were calculated for thiews vehicles and conditions.

The data from the full data set containing all thkees were used in further analyses. The
reason for this decision is that the focus of thealler study is on a phenomenological and
practical approach to incorporation of dynamic tip@ds in pavement design and analysis. In
practice, the vehicle population deliver their Isad the pavement as single tyre units, and
not as axle groups. It thus makes practical semsmalyse the effect of tyre loads on the
pavement as the overall effect of the vehicle pafon.



Inferences

The average tyre loads are not affected statitisagnificantly by the pavement roughness
or vehicle speed, but a high correlatiorf €R99,9 per cent, standard error of y-estimate =
97,1 N) was found between average tyre loads and3rehicle Mass (GVM) per tyre. This
is independent of the speed and pavement roughri&ssversely, the Coefficient of
Variation (CoV) of the tyre loads shows good relaships (R = 94,9 per cent, standard error
of y-estimate = 0,055) with the vehicle speed, nembf tyres per vehicle, pavement
roughness, vehicle load (in terms of the percentddell payload) and GVM.

The statistical analyses indicated that the tyed$oare mostly normally distributed, with
slight skewness and/or kurtosis in some cases. i$his agreement with other researchers
(i.e. Sweatman, 1983). In general, the distributan be described as normal, as the reason
for the skewness and kurtosis mostly lie in the fhat the data used in the analyses did not
represent a continuous speed, load and/or roughmegge. The vehicle payloads were
especially a cause of skewness and kurtosis astlordg load levels in this study. The main
effect of variations in vehicle speed and pavemenighness on tyre loads, is directly
proportional variations in the standard deviatidrthe tyre loads. Increases in any one or
both of these two parameters (even with a consBi¥l) cause a wider distribution of the
tyre loads around the mean. The net result is @ahhtgher proportion of peak loads are
applied to the pavement. The effect of this is smeehematically in Figure 3. An increase in
GVM will shift the whole distribution, but will halimited effect on the CoV.

In practice, these relationships between GVM arataye load, and vehicle speed, pavement
roughness and Coefficient of Variation of the tigad population, can be seen as indicating
the relationship between the road owner and road 0$e road user is mainly responsible
for the GVM of the vehicle, and also has contratiothe speedlhe road user influences the
average tyre load of the vehicle population. The road owner is mainly responsible for the
pavement roughness, and also has limited contre the speedlhe road owner influences

the standard deviation of tyre loads on the pavement by maintaining the pavement roughness

at acceptable levels. The dynamic component of the tyre loads is thusiypanfluenced by
the road owner. The road user may contribute ®ittifluence by fitting more road-friendly
suspensions (an aspect not covered in this papethis will only have a once-off effect, and
increases in pavement roughness will then agaid teaincreased dynamic loads. This
phenomenon is shown schematically in Figure 4.

As the distribution of tyre loads is normal, theeege and Coefficient of Variation of the
tyre load population can be calculated for a giympulation of vehicles, speeds and
pavement roughnesses. The expected distributiatym@mic tyre loads for this population
can be calculated. The tyre load distribution depetl can be used to select design loads at
specified percentiles depending on the importantcéhe pavement. The equations for
average and Coefficient of Variation are unique filoe specific vehicle population and
parameters used in their development.
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Analysis of thespectral content of the tyre loads indicated that the dynamic congporof the
vehicular loads (wavelengths < 100 m) is affectgdhe product of the pavement roughness,
vehicle speed and vehicle type. The effect of thlationship is that although the average
load on the pavement (GVM related) may stay constha dynamic components of the tyre
load will increase due to increases in pavementghinass and/or speed. Pavement
deterioration that cause pavement roughness iresedBus costs the road owner more
through increased tyre loads. In Figure 4 thesecases in tyre loads are shown, together
with the anticipated effect of road maintenancehentyre loads.

The main objective of optimising tyre loads is ek the dynamic portion of the tyre load
(affected mainly by the pavement roughness andcieelspeed) as small as possible. This
should decrease the portion of peak loads on tkerpant, thereby causing the loads to be
distributed closer to the average tyre load (lo@eefficient of Variation in tyre loads).

LOADS USED IN PAVEMENT ANALYSIS

The current South African mechanistic Design Met(®8MDM) (Theyse et al, 1996) uses a
static axle load (single axle, dual tyres) with agmitude of 80 kN as the design load. There
is no vehicle speed or pavement roughness effectsuated for in the analysis. This relates
to tyre loads of 20 kN applied to the pavement.Figure 5 the cumulative tyre load
distributions as generated using the DADS softveare the static tyre loads are shown. The
relationships between these data and the E80 vibea| as well as the current legal single
axle load of 9 000 kg are shown. The static dadi&cates that above the @@ercentile (E80)
and the 60 percentile (legal load) the selected two loadsexeeeded. In the case of the
dynamic wheel loads, these limits are exceededeat3d' (E80) and 38 (legal) percentiles.
The reason for both the populations analysed teexk¢hese limits lies in the fact that one
third of the vehicles used in the simulations wEdeper cent overloaded, and one third were
fully (100 per cent) loaded. The reason for theadyit wheel loads to be higher than the
static wheel loads lies in the effect of the pavetm®ughness and vehicle speed on the
vehicle-generated wheel loads. It indicates thatgustatic wheel loads rather than actual (or
dynamic) wheel loads would lead to using lower WwHeads in the pavement design than
would be expected realistically on the pavement.

IMPROVEMENTS IN PAVEMENT ANALYSIS THROUGH LOAD
CHARACTERISATION

Improvements in the current SAMDM analysis methathg load characterisation can be
made at different levels of complexity. The firstgrovement is by using a selection of tyre
loads based on the static load population for tbpufation of vehicles expected on a
pavement. This would enable more realistic tyradéoto be used in the analysis (refer to
Figure 5). Such a set of data is shown in Tablerlthe vehicle population used in this
project. Typical percentiles of 95, 90, 80 and &) shown in Table 1, together with the axle
load (standard single axle with dual wheels), d@dquivalent 80 kN value for the selected
loads. Exponents of 2,0, 4,0 and 6,0 were usedmverting the tyre loads to E80s. This
approach would, however, not allow the inclusionaofy of the vehicle speed and / or
pavement roughness effects discussed in this paper.

A next level of complexity that can be used in ladwdracterisation is to select the loads for
use in the pavement analysis from the populatiodyafimic tyre loads (Table 1). This would
enable the effects of vehicle speed and pavemeghress on tyre loads to be included in
the pavement analysis. However, if these data weer in current linear elastic time
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independent analysis routines, incorrect stresedsstrains would be calculated. Research
have shown that a pavement will react with decrasesses and strains to loads applied at
increased speeds, mainly due to the inertia optvement layers (Lourens, 1995).

100%

T
. 90% T Single tyre equivalent T Single tyre equivalent N
8 80% 7-|of E8O axle load & ‘/ of legal 9 tonne axle load 7
C 1 ya
5 70% ! 7
3 60% T .
S 50% . x4 -
% 40% - P 5
g 30% et =
S 20% o
= . HE |
0% 1 — T T \: T T T T T
0 5 10 15 20 25 30 35 40 45 50

Tyre Load [KN]

----E80 — — Legal — - Static — Dynamic

Figure 5: Cumulative distribution of DADS-generatgyghamic wheel loads and Static
wheel loads showing the relation to the ES0 andlledneel loads.

As the pavement response parameters (stressdns siral deflections) do not vary in the

same way due to the effects of speed, the apptiad tannot merely be adjusted for an
analysis where the vehicle speed is incorporatéd the analysis. The analysis (static

response analysis) should still be performed usiegstatic load case. A correction to obtain
an ‘equivalent dynamic response’ from the statg@pomse analysis should then be applied to
the specific pavement response parameters. Thiseguoe will ensure that the applicable

correction factor is applied to each of the pavemmsponse parameters. Research to
calculate the values of these factors for somecépSouth African pavements and load

conditions is currently being finalised as parttbé larger vehicle-pavement interaction

project at the CSIR.

The best method for incorporating the effects ofaiyic tyre loads into pavement analysis is
to use tyre load histories varying with increaseaetor distance intervals as input data in
finite element analyses of the pavement resporfss.énables the actual load history as well
as the actual pavement response to be analysed moehaccurately than with any of the
other methods. It does, however, mean that the/seskre run at a much greater cost and the
data needed for the analyses are also more c&iyently, this application is seen as a
research application to be used to develop bettdenstanding of dynamic tyre loading and
pavement response.
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Table 1: Selected vehicular loads for static paveméresponse analysis.
Static tyre loads

53" percentile | 88 percentile | 98 percentile | 9% percentile
Tyre load [kN] 21,3 23,8 24,4 33,6
Axle Load [kN] 85,2 95,2 97,6 134,4
E80 (n=2, 4, 6) 1,1;1,3;1,5 1,4;2,0; 2,8 1,2;3,3 2,8;8,0; 22,5

Dynamic tyre loads

Tyre load [kN] 24,0 30,9 33,3 34,7
Axle Load [kN] 96,0 123,6 133,2 138,8
E80 (n=2, 4, 6) 1,4;2,1;3,0 2,4;5,7;, 13,6 2,8;21,3 3,0;9,1,; 27,3

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions are drawn based on tifi@rmation in this paper:

The average tyre load and DLC are functions ofatteal load on the vehicle, while the
standard deviation and CoV are functions of thealelspeed and pavement roughness;
Statistically significant difference at the"™®per cent confidence level exist between the
means, averages, standard deviations and distmitsutof most of the axle groups
investigated;

The tyre loads on the left wheeltrack were highantthose on the right wheeltrack due
to the camber of the pavement;

The DADS-simulated tyre loads were lower than tR€-Bimulated tyre loads due to the
lack of roll effects and the simplified models usedhe TFP analyses;

The control of tyre load levels on roads is thenjaiesponsibility of the road owner
(through control of pavement roughness and vehsgleed) and the vehicle owner
(through control of GVM and vehicle speed);

The main objective of optimising vehicular loadgaskeep the dynamic portion of the
vehicular load as small as possible;

The tyre load population of a selection of vehickeen be described as a normal
distribution, and

It is possible to develop tyre load populationsdoasn parameters such as the GVM,
vehicle type, vehicle speed and pavement roughness.

The following recommendations are made based orninfobemation and discussions in this
paper:

Fingerprinting of South African vehicles and pavetseshould be performed on a regular
basis to allow a better understanding of the coraptminfluencing vehicle-pavement
interaction;
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 The analyses described in this paper should bendetk to include other types of
suspension, as well as more load cases and opalationditions;

* The effect of inclusion of the moving dynamic loedses on different South African
pavement structures should be evaluated.
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