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Influence of tyre-road contact model on vehicle vibration response
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Abstract: The influence of the tyre-road contact model on the simulated vertical vibration
response was analysed. Three contact models were compared: tyre-road point contact model,
moving averaged profile and tyre-enveloping model. In total, 1600 real asphalt concrete and
Portland cement concrete longitudinal road profiles were processed. The linear planar model
of automobile with twelve degrees of freedom (DOF) was used. Five vibration responses as
the measures of ride comfort, ride safety and dynamic load of cargo were investigated. The
results were calculated as a function of vibration response, vehicle velocity, road quality and
road surface type. The marked differences in the dynamic tyre forces and the negligible
differences in the ride comfort quantities were observed among the tyre-road contact models.
The seat acceleration response for three contact models and 331 DOF multibody model of the
truck semi-trailer was compared with the measured response for a known profile of test
section.

Keywords: road profile; tyre-road contact model; half car model; vibration;
dynamic tyre force; ride comfort

Introduction

The research on the excitation of the pneumatic tyres caused by uneven road surface was started in the
1960ies. The various enveloping models are currently used for prediction of the road—vehicle interaction
system vibration: point contact models, roller contact models, empirical models, radial spring models,
flexible ring models, footprint models, displaced area models, etc. [1]. The enveloping models were
developed for describing the quasi-static tyre envelopment behaviour. The dynamic tyre models can
generally be classified in the four categories: (a) rigid ring models, (b) multibody models, (c) finite
element models, (d) modal models.

Eichberger and Schittenhelm [2] focused on the applications and limitations of the tyre models
implemented in multibody codes. Lugner, Pacejka and Pléchl [3] described the tyre models which are
able to reflect higher frequency ranges and account for local road surface structures. Rauh and
Mossner-Beigel [4] provided an overview on the most challenging tasks for tyre simulation success in
complete vehicle environments. A number of tyre models have been discussed and vehicle dynamic
problems have been addressed in Pacejka [5]. In Li et al. [6], the various published tyre models used for
vehicle dynamics and road loads analyses were compared in terms of their modelling approaches,
applications and parameters identification process and methodologies. Some current tyre models intended
for the vertical tyre dynamic was developed by Sandu and Umsrithong [7] (a multibody discrete tyre
model) or Umsrithong and Sandu [8] (a semi-empirical stochastic transient tire model).

! Email; ummsmuc @savba.sk



This study was intended to compare the three tyre-road contact models and their influence on the
vertical vibration response. Many published research results used the vehicle models with the simple
point contact assumption. Currently the tyre-road point contact is often used for computational simplicity
and efficiency. Further, the simple filtration of the original profile with a moving average filter is
currently used to avoid the necessity to simulate the tyre-road contact. The filtered road profile
approximates the tyre envelopment of profile. Many complicated models intended for specific tasks of
vehicle dynamics are currently used too. The tyre-enveloping model proposed by Schmeitz [1,9] was
chosen as the representative of this category.

The presented study was intended to address the following:

— Model the vertical vibration response of a longitudinal planar vehicle model as a function of the tyre-
road contact model and velocity;

— Estimate the difference among the three tyre-road contact models as a function of velocity, vibration
response quantity, road roughness and road surface type;

— Study the influence of the three tyre-road contact models on the vibration response in the spatial domain
as well as in the frequency domain;

— Compare the results for tyre-road contact models with an experiment based on parallel estimation of the
road elevation and vibration response on vehicle.

Road Profile Data

The road profile data for the left and right tracks from four Specific Pavement Studies (SPS) of the Long
Term Pavement Performance (LTPP) program were analysed [10]. SPS-2 database contain doweled
jointed plain concrete pavements, SPS-4 — rigid pavements, SPS-5 — rehabilitated asphalt concrete
pavements and SPS-6 rehabilitated jointed Portland cement concrete (PCC) pavements. Two hundred
profiles of the left track as well as the right track from each database were randomly chosen. In total,
1600 profiles were processed. The sampling interval of the original sections was Al=2.5 cm with a
typical section length about 150 m.

Tyre-Road Contact Models

Three alternative tyre-road contact models (Figure 1) were considered:

1. A simple tyre-road point contact model — A raw profile serves as a direct input for a vehicle model
(Figure 1a). This approach is the most extensively model used for computational simplicity. This
model gives a fairly good approximation of the contact forces for profiles with prevalent long
wavelengths [1,9].

2. Moving averaged road profile — The moving averaged profile simulates the tyre envelopment and is
commonly used for the road profile data pre-processing purposes in profile analysis [11]. The moving
average was found to reproduce test results for wavelengths larger than the base length of the moving
average. The raw road profiles originally sampled with an interval Al = 2.5 cm were in this study pre-
processed with a 30-cm moving average [Base length B = 30 cm (Figure 1b)] and profiles were stored
at interval of 15 cm. This approach is used for processing of measured profiles in Long Term
Pavement Performance (LTPP) Program database [10].

3. Tyre-enveloping model — The rigid ring tyre model in combination with the tyre enveloping model
[1,9] based on the tandem enveloping model with elliptical cams was applied in this study (Figure 1c).
The unloaded tyre radius was considered to be Ry =0.31 m. The effective road plane obtained for
constant ellipse parameters was calculated and was used as an input into the vehicle model. The mean
values of dimensionless tandem base length end ellipse parameters identified for five tyre models
[1,9] were considered.

Longitudinal Planar Model of an Automobile

The planar model of an automobile [12] used has 12 DOF (Figure 2). The human body model according
to the ISO 5982: 2001 [13] was used. The natural frequencies of the 12-DOF model were: fp = 1.12 Hz
(vehicle body pitching), fi» = 1.08 Hz (vehicle body bouncing), fis;=3.40 Hz (mass msq bouncing),
fisp =3.55 Hz (mass ms, bouncing), fuq =fu, = 5.42 Hz (masses myq and my, bouncing), f.y=10.93 Hz



(front axle bouncing), fi1»=12.88 Hz (rear axle bouncing), fwss = fwsp = 24.29 Hz (masses megq and migp
bouncing), fi34 = fi3p = 35.14 Hz (masses mj3,4 and ms3, bouncing).

The vehicle model parameters were as follows [12]: front and rear wheel, m;s =70 kg; m;, = 50 kg,
kir = kir = 3e6 N/m; vehicle body mass, m, = 1000 kg, vehicle body moment of inertia I, = 1430 kg m2,
vehicle body suspension, kyr=3e4 N/m, byr=2842 Ns/m, ky=2.7e4 N/m, by =2462 N/m, seat
suspension, k3q = k3p = 50210 N/m, b3q = b3, = 276 Ns/m.

The parameters of the human body model were as follows [13]: m3q = m3, = 2 kg, maq = map, = 45 kg,
k4d = k4p = 36200 N/m, b4d = b4p = 1390 Ns/m, Mmsq = Msp = 6 kg, k5d = k5p =9999 N/m,
bsq = bsp = 387 Ns/m, meq = mep =2 Kg, keq = kep = 34400 N/m, beq = bsp = 234 Ns/m. The masses 3-6
present the sitting human body model defined in ISO 5982: 2001. This model is an approximation of
human body response based on the human body apparent mass as well as on the vibration transmissibility
to the head. There is no direct correlation between the human body model masses 3—6 and various body
segments.

Dimensions of the vehicle model were: dr=1.1 m, d;=1.3 m, dg=0.42m, and d, = 1 m. The static
tyre force is 6 kN for the front axle and 5.2 kN for the rear axle. The model resonance frequencies cover a
typical range of resonances for unsprung and sprung masses of a real automobile. Model was used as the
sample representative of the vehicle fleet.

Simulation Results

The vehicle model was built and all the computations were provided in Matlab/Simulink environment.
Fixed sampling step At = le-3 s was used. The vehicle model response was obtained numerically in the
time-domain with fourth order Runge-Kutta method.
The root mean square (RMS) values of five vertical vibration responses were calculated:

Driver’s seat (mass ms,) frequency-weighted vertical acceleration, ayqs;
Passenger’s seat (mass m3,) frequency-weighted vertical acceleration, dyps;
Front axle dynamic tyre force RMS value Fyp.
Rear axle dynamic tyre force RMS value Fg.
Car body centre of gravity (CG) vertical acceleration, acp.
Frequency-weighted accelerations are measures of ride comfort, the dynamic tyre forces are measures
of the ride safety and dynamic load of road and car body acceleration is a measure of the dynamic effect
on the cargo.

For the frequency weighting of simulated acceleration response, the filter W; intended for the vertical
acceleration on the seat surface defined in the ISO 2631-1: 1997 [14] was used.

The variable A presents the percentage difference between RMS values of vibration response for the i-
th and j-th tyre-road contact model:

RMS {vibr.response } —RMS {vibr.response },

A (%) = 100x (1)

RMS{vibr.response }

A right track of the doweled jointed plain concrete road section #040214K1 [10] of poor surface
condition measured in December 2004 was used for analysis (Figure 3). Functional class of this road is
“Rural Principal Arterial — Interstate”. The section was constructed in 1993. Figure 4 presents calculated
vibration response presents for all three tyre-road contact alternatives. Two vibration responses for three
velocities v =60, 90 and 120 km/h are shown. The acceleration responses (left column of Figure 4) are
similar because the response function of frequency-weighted acceleration aygs suppressed the short-
wavelength contents and this response is the most sensitive to the frequency range 4-8 Hz, i.e. to the
wavelengths L=2.1-4.2 m for v=60km/h, L=3.1-6.3 m for v=90 km/h and L=4.2-8.3 m for
v =120 km/h. The differences between profiles were observed at short wavelengths for Fyr response
(right column of Figure 4).

Table 1 presents the percentage differences in vibration response RMS values (Eq. (1)) for the test
section #040214K1. The vibration response RMS values were the lowest for the tyre-enveloping model
and the highest for the tyre-road point contact model. The moving averaged profile caused slightly higher
response than the tyre-enveloping model. The differences are apparent at all three velocities.



The difference between response RMS values decreased with velocity increase. The similar tendencies
were observed for all three models and ride comfort quantities, aywas and ayps. The mean difference among
models was below 2 %. The highest differences were calculated for the dynamic tyre forces. About 22—
27 % decrease of the tyre force RMS value was observed for the moving averaged profile in comparison
to the tyre-road point contact and v = 60 km/h. The tyre-enveloping model caused lower response by 5—15
% 1n relation to the tyre-road point contact model. The tyre-enveloping model caused higher response by
3—15 % as those calculated for the moving averaged profile. The moving averaged profile model slightly
underestimates the vibration response in comparison with the tyre-enveloping model. The differences in
car body acceleration were below 6 %.

Figures 5 and 6 present the influence of the road elevation spectrum, velocity, and transfer function on
the vibration response spectrum for acceleration ayqgs (Figure 5) and dynamic tyre force Fgr (Figure 6).
The 12-DOF vehicle model (Figure 2) was kinematically excited by the right track of the measured
profile #040214K1.

Figure 5 shows the influence of the tyre-road contact models on the frequency-weighted driver’s seat
acceleration spectrum, G,wgs. The first row shows how the road spectrum is shifted to the right, i.e., to the
higher temporal frequencies corresponding to the same wavelengths (f = v/L). The long wavelengths
contribute the most to the road elevation power. The road spectrum decreases approximately with power
two of frequency. The magnitude of the transfer function estimate, |H,yqs(f)|, between road elevation and
acceleration, aygs (second row of Figure 5), is dependent on the velocity because it is influenced by the
excitation time delay between a particular axle and a measuring point, i.e., driver’s seat. The resonance
frequencies of human body-seat system (2-5 Hz) and axle wheel-hop bounce (~10 Hz) are the most
amplified by vehicle model. The filter Wi (ISO 2631-1) intended for the vertical acceleration on the seat
surface markedly amplified a frequency band 4-8 Hz. The theory of the transfer function of the half-car
model was comprehensively addressed in Mitschke and Wallentowitz [15]. The third row of Figure 5
shows differences in acceleration spectrum, G,ygs. The spectrum corresponds to multiplication of the road
elevation power spectral density (PSD) by a square of the transfer function |Howas(HI. The RMS value of
the acceleration response corresponds to the square root of the area under the spectrum, G,wgs. A
contribution of the low frequencies about 1 Hz increased with velocity. The amplification of this
frequency band increased with velocity as is shown on transfer function estimate in the second row of
Figure 5. The differences in the spectrum were negligible among the tyre-road contact models.

Figure 6 shows the spectrum of the rear-axle dynamic tyre force, Gggr, for a 12-DOF automobile
model. The transfer function between road elevation and tyre force markedly amplifies the frequency
band at wheel-hop resonance (~ 10 Hz). The differences among the tyre-road contact models were
apparent in the frequency band above 10 Hz. This frequency band corresponds to the short wavelengths
L<v/f,ie. L < 1.7 m (60 km/h), L < 2.5 m (90 km/h) and L < 3.3 m (120 km/h). A contribution of low
frequencies of about 1 Hz to the total signal power increased with velocity. The largest differences in the
response spectrum were observed for v = 60 km/h and differences decreased with velocity.

The Influence of Road Quality

The road roughness quality was quantified by International Roughness Index (IRI), which is worldwide
used indicator in Pavement Management System [11]. The IRI is essentially a computer-based virtual-
response-type system based on the response of a quarter-car vehicle model as it traverses a tested
pavement section at a constant speed of 80 km/h [16].

The measured data based on parallel estimation of the road elevation and vibration response on vehicle
are rare. The relations between the IRI and ride comfort quantities based on the in-situ measurement were
provided by Ahlin et al. [17] and Hassan and McManus [18] for truck semi-trailer, by Ths et al. [19] for
passenger car, by Fichera et al. [20] for bus, by Zhang et al. [21] for a multi-function test vehicle, by Lee
et al. [22] for van or by Cantisani and Loprencipe [23] for a passenger car model.

The relations between the IRI and dynamic tyre forces were provided by Papagiannakis and
Woodrooffe [24] or by Kulakowski et al. [25] for heavy trucks, by Magnusson, Dahlstedt and Sjogren
[26] for laser road deflection tester, by Jacob and Dolcemascolo [27] for a single axle instrumented
trailer, by Elischer et al. [28] and Chen et al. [29] for three-axle semi-trailers. A short overview of the
measured and simulated relations between IRI and vehicle vertical vibration response was provided in



Mucka [30]. The linear relation between IRI and vehicle vibration response RMS values was often
observed [17-30].

Figure 7 presents the percentage difference A (Eq. (1)) among three contact alternatives for 1600
randomly chosen profiles of SPS-2, SPS-4, SPS-5 and SPS-6 databases as a function of the road
unevenness indicator IRI and velocity. The difference A slightly decreased with increase of the road
roughness for Fgr response. The lower dependence on the road roughness was observed for both
accelerations aygs and aq,. The dependence on the road roughness was more pronounced at velocity
v =60 km/h. The difference slightly increased with the increase of road roughness for car body
acceleration dcp.

Table 2 shows the mean difference among the contact models for 1600 road profiles. A difference
among response RMS values decreased with velocity increase. The similar tendencies were observed for
all three contact models and the ride comfort measures, dwds and awps. The mean difference was below 2
%. The highest differences were calculated for the dynamic tyre forces. About 20 % decrease in the tyre
force response was observed for the moving averaged profile in comparison to the tyre-road point contact
and v = 60 km/h. The tyre-enveloping model caused lower response by 5-10 % in comparison with the
tyre-road point contact model. The tyre-enveloping model caused higher response by 3-15 % as those
calculated for the moving averaged profile.

Road quality indicator IRI is limited to reflect the short-wavelength contents of the profile elevation
[31,32]. The road vertical elevation spectrum parameters were used as an alternative road unevenness
indicator to the IRI. The simplest model of the road elevation PSD Gy(Q) is often applied in the form
[33,34]

Gu(Q)=CcQ™ 2)

where Q (rad/m) is the angular spatial frequency, C (radw_] m3_w) = Gpy(1) is the unevenness index, and w
is the waviness. The example of the measured road elevation and road elevation PSD is presented in
Figure 8. Eq. (2) represents a line on a log-log chart with C as the vertical ordinate at the reference
angular frequency Q=1 rad/m and w as the slope of the line. Parameters C and w are independent.
While C is proportional to the unevenness variance, w expresses the wavelength distribution between
particular spatial frequency bands. The interpretation of the waviness value is the following: for w = 2,
the individual wavelengths in the road elevation PSD are present in similar proportions; for w > 2, the
long wavelength contents is prevalent; for w < 2, the short wavelength contents is prevalent. The
waviness of in-service roads moves in a broad interval from 1.5 to 3.5 [33,35,36]. The ISO 8608 defines
the fitting interval of the raw PSD by a straight line in the angular spatial frequency range of 0.069-17.77
rad/m. The influence of the road waviness on the vibration response for the tyre-road point contact model
was analysed in [34,37-39].

Figure 9 shows that the difference among the contact models slightly decreased with increase of the
unevenness index C in case of the tyre force response and is practically independent for both acceleration
responses. The difference was strongly dependent on the waviness. It seems logical because the lower
waviness corresponds to the profiles with the prevalent short-wavelength contents which results to the
more pronounced differences among three contact models.

The Influence of Road Surface Type

Figure 10 shows the influence of the road surface type on the differences in dynamic tyre force Fgr
between the tyre-enveloping model and the tyre-road point contact model for three velocities. It is
apparent how the difference among the contact models decreased with increase of road roughness in case
of jointed plain concrete pavements (SPS-2) and rigid pavements (SPS-4) in the range of IRI=1-
2mm/m. This tendency was less pronounced for asphalt concrete  pavements
(SPS-5) and rehabilitated jointed PCC pavements (SPS-6). The chosen samples from these two databases
contain more profiles of lower quality with IRI > 2 mm/m. The rapid change in differences was calculated
for profiles with IRI < 1.5 mm/m. For road sections with IRI > 2 mm the changes in difference were less
pronounced. Figure 10 indicates that the differences among the contact models are lower for higher
velocities.

Table 3 shows the mean difference in response as a function of the road surface type for v = 90 km/h.
In the second column of Table 3 the mean value and standard deviation of the IRI were issued. Four
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hundred profiles from each database were processed. The mean difference in a response only slightly
varied with the surface type.

Experimental Results

A short experimental study was provided on vibration response data that were recorded on a real semi-

trailer truck on a test section with the known elevation [40]. The experimental results were compared with

a 331 DOF multibody semi-trailer truck model with three alternative tyre road contact models: tyre-road

point contact, moving averaged road profile and the more complex tyre model — a rigid ring tyre model

developed by Gagnon et al. [41,42]. The road section “Essais AM” (Run 8) was used of the length of

714.03 m sampled at the interval 0.5 cm (Figure 11a). The road spectrum, Gu(£2), for this test section is

shown in Figure 11b. The experiment was provided on three-axle tractor with a three-axle semi-trailer

with a total weight of 43 t. The average velocity of the semi-trailer truck on the section was 67 km/h. The
measured vertical acceleration response on driver’s seat surface is shown in Figure 11c. The
corresponding spectrum for acceleration a; and frequency-weighted acceleration ays is shown in

Figure 11d.

The real semi-trailer truck was implemented as a multibody model [40]. The model has
331 DOF including the tyres. Apart from the wheels, the model has 13 rigid bodies each having 6 DOF:
one for each axle; one for the chassis frame and the components which are rigidly attached to it, such as
the batteries and gas tanks; one for the engine; one for the cabin; one for the driver and one for the
passenger; one for the radiator; and one for the semi-trailer frame.

An implicit ring tyre model was implemented into the free software MBDyn. The model is largely
based on the Short Wavelength Intermediate Frequency Tire (SWIFT) model developed by Pacejka [5]
and the road filtering used by Schmeitz [1,9]. The rigid ring tyre model takes the three-dimensional forces
and moments coming from the wheel of the truck model as one input. The model takes 45 tyre parameters
and 20 algorithm parameters and is integrated implicitly except for the road profile.

Figure 12 shows a possible influence of three tyre-road contact models on the measured acceleration.
The effective road plane for the tyre-enveloping model was calculated for the parameters of the truck
wheel: unloaded tyre radius, Ryp=0.52 m, vertical load of tyre, Fpom =3.43e4 N and the tyre radial
stiffness, k = 1e6 N/m.

Figure 12a shows the road elevation spectrum, Gu(f), of the left track for the real road section “Essais
AM” and velocity v =67 km/h as a function of the tyre-road contact model. The spectrum decreased
approximately with square of frequency. The higher differences were observed for frequencies above 20
Hz. Figure 12b shows the transfer function estimate, |H,ws(f)l, between road elevation, Ay, and measured
frequency-weighted seat vertical acceleration, ays. Figure 12¢ shows the spectrum of frequency-weighted
measured seat acceleration, G,ys. The contribution of the frequencies above 20 Hz is negligible. The
small differences among the frequency-weighted RMS accelerations can be expected for these three
analyzed tyre-road contact models. The tyre-enveloping model in Figure 12a shows the larger differences
in comparison with the tyre-road point contact model and moving averaged profile as was presented in
Figs. 5 and 6 for a passenger car. The differences are caused by the different unloaded tyre radius,
Ro =0.52 m (Figure 12, truck) and Ry = 0.31 m (Figures 5 and 6, passenger car).

Table 4 presents the measured and simulated seat RMS accelerations for three tyre-road contact
models in 100-m long segments of “Essais AM” test section for v = 67 km/h. The multibody semi-trailer
truck model with 331 DOF was used [40]. The road roughness indicators IRI and road elevation spectrum
parameters C and w are also shown in Table 4. The indicators for parallel tracks were calculated as
follows: IRI g = (IRI + IRIR)/2, Cir = \ CLCs, wir = (WL + wr)/2. Figure 13 shows a time response of
frequency-weighted acceleration ays for measured and simulated response for three tyre-road contact
models.

By analysis of the results, the following conclusions can be reached:

- The measured frequency-weighted RMS accelerations are higher than the simulated ones. According
to Gagnon [40] the 331 DOF multibody model of the truck semi-trailer was able to fit the response at
lower frequencies. The RMS value for filtered signal of measured acceleration in the frequency band
0.2—-10 Hz was added in Table 4.



- The velocity of the semi-trailer truck measured response was not a constant. The used velocity
v =67 km/h is an approximation based on the time of response measurement and length of section.
The variable velocity could cause the differences in Table 4.

- The complex rigid ring tyre model did not show the better results (i.e., closer to the measured
response) than the tyre-road point contact model and moving averaged profile (Table 4) in all
particular 100-m parts of analysed section. It is difficult to compare the analysed tire models
predictions with real acceleration response on a vehicle because not only tyre model but the vehicle
model affects the vibration response too. The rigid ring tyre model used the tyre enveloping according
to the Schmeitz’s approach [9]. The unloaded tyre radius is higher for truck than for a passenger car
(Ry~0.52m vs. Rp=0.31 m).

- The results for TRPC and MA contact models are similar and show negligible differences to those
obtained by simulation of passenger car in Figs. 5 and 6 and Tables 1 and 2.

Conclusions

A limited number of studies have addressed the important question of the difference in vertical vibration
response as a function of the tyre-road contact models based on the broad database of the real road
sections. This study was based on the processing of 1600 road sections from the LTPP database and three
tyre-road contact alternatives. The main results of this study were:

1. The differences between the tyre-road contact models were function of velocity, frequency contents of
the road profile vertical displacements and frequency contents of the vibration response. The differences
between the contact models were apparent at higher frequencies above 10 Hz. The vibration quantities
with marked frequency contents contribution at higher frequencies showed the marked differences in
vibration response.

2. The tyre-road contact models were found to have only a marginal influence on the ride comfort
measures. The observed differences were below 3 % for the frequency-weighted acceleration on the
driver’s and passenger’s seats and below 6 % for the car load acceleration.

3. The tyre-road contact models were found to have marked impact on the dynamic tyre forces.
The differences increased with velocity decrease. The highest tyre forces were calculated for the tyre-road
point contact model. The tyre-enveloping model showed higher dynamic tyre forces RMS values (by 5-
10 % for v = 90 km/h) than the moving averaged profile.

4. The road roughness influenced the differences among the tyre-road contact models. The differences
decreased with increase of the road roughness for the ride safety measures and were practically constant
for the ride comfort measures. The differences slightly increased with increase of the road roughness for
the car load acceleration. The poor quality profiles with IRI > 2 mm/m have showed lower percentage
differences in vibration response as the better road sections.

5. The road surface type found to have negligible effect on the differences among the contact models.

6. The dependence of the difference among the contact models on the road elevation spectrum parameters
showed that the difference only slightly decreased with unevenness index increase and strongly decreased
with waviness increase.

7. The frequency contents of the measured acceleration response and the measured road elevation
indicates a possible small influence of the tyre-road contact models on the ride comfort quantities.
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TABLES

Table 1. Percentage difference A (Eq. (1)) in vibration response for road profile #040214K1.

[km/h] Tyre-road contact model Aas | Gwps | Far | Far et

Moving averaged profile/tyre-road point contact | -1.1 | -1.6 | -22.5 | -27.1 | -5.6
60 Tyre-enveloping model/tyre-road point contact | -1.1 | -0.8 | -13.7 | -15.7 | -2.4
Tyre-enveloping model/moving averaged profile | 0 | 0.8 | 11.3 | 15.7 | 3.4
Moving averaged profile/tyre-road point contact | -1 | -0.8 | -13.1 | -15.7 | -2.2
90 Tyre-enveloping model/tyre-road point contact -1 |-0.8 ] -8.1 -9 -1.1
Tyre-enveloping model/moving averaged profile | 0 0 5.9 7.9 1.1
Moving averaged profile/tyre-road point contact | -0.9 | -0.7 | -8.7 | -104 | -1

120 | Tyre-enveloping model/tyre-road point contact 0 0 | -5.8 -6 -0.5
Tyre-enveloping model/moving averaged profile | 0.9 | 0.7 | 3.2 4.9 0.5

Table 2. Mean percentage difference A (Eq. (1)) as a function of velocity for 1600 road profiles

1%

(kn/h] Tyre-road contact model Awds | Awps | Far | Far e

Moving averaged profile/tyre-road point contact | -2.2 | -2.2 | -18.6 | -21.4 | -5.9
60 Tyre-enveloping model/tyre-road point contact | -0.9 | -0.9 | -10 | -109 | -2.4
Tyre-enveloping model/moving averaged profile | 1.3 | 1.3 | 10.6 | 13.5 | 3.7
Moving averaged profile/tyre-road point contact | -1.1 | -1.1 | -11.9 | -13.5 | -2.7
90 Tyre-enveloping model/tyre-road point contact | -0.5|-0.5| -6.7 | -7.2 | -1.1
Tyre-enveloping model/moving averaged profile | 0.6 | 0.6 | 6.0 7.4 1.6
Moving averaged profile/tyre-road point contact | -0.5 | -0.6 | -83 | -9.6 | -1.6
120 | Tyre-enveloping model/tyre-road point contact | -0.2 | -03 | 4.8 | -52 | -0.6
Tyre-enveloping model/moving averaged profile | 0.2 | 0.3 | 3.8 | 4.9 1.0

Table 3. Mean percentage difference A (Eq. (1)) as a function of the road surface type for v = 90 km/h

Road surface type IRI [mm/m] Tyre-road contact model Qs | Awps | Far | Far dey
SPS-2 Moving averaged profile/tyre-road point contact |-1.4|-1.4|-11.4]-13.3] -3.2
Doweled jointed plain | 1.41 + 0.393 | Tyre-enveloping model/tyre-road point contact |-0.1|-0.3] -4.7 | -5.1 0

concrete pavements Tyre-enveloping model/moving averaged profile| 1.4 | 1.1 | 7.3 | 9.1 3.3
SPS-4 Moving averaged profile/tyre-road point contact |-0.9| -1 |-10.7|-12.2| -2.5

1.38 £ 0.645 | Tyre-enveloping model/tyre-road point contact | 2.4 |2.5|-2.7 | -3 2
Tyre-enveloping model/moving averaged profile | 3.4 | 3.5 9.1 | 10.5| 4.6

Rigid pavements

SPS-5 Moving averaged profile/tyre-road point contact |-0.9| -1 |-12.9|-14.6| -2.4
Asphalt concrete 1.45 £ 0.702 | Tyre-enveloping model/tyre-road point contact |-0.4|-0.5| -6.8 | -7.3 -1

pavements Tyre-enveloping model/moving averaged profile| 0.5 | 0.6 | 7.2 | 8.7 1.4
SPS-6 Moving averaged profile/tyre-road point contact | -1 |[-1.1|-12.7]|-14.1] -2.6
Rehabilitated jointed |1.71 £ 0.897 | Tyre-enveloping model/tyre-road point contact |-0.7|-0.6| -8 | -8.1 -1.5
PCC pavements Tyre-enveloping model/moving averaged profile | 0.3 | 0.4 | 5.4 7 1.2
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Table 4. Measured and simulated frequency-weighted seat vertical RMS acceleration for road section
“Essais AM” and v = 67 km/h as a function of distance.

[ [m] 0-100 | 100-200 | 200-300 | 300-400 | 400-500 | 500-600
Ay [m/s”] — measured 0.683 | 0.946 0.818 0.855 0.656 0.669
Qs [m/sz] — measured (0.2-10 Hz) 0.527 | 0.744 0.644 0.579 0.496 0.512
v, [/5'] — simulated = 0410 | 0466 | 0498 | 0323 | 0555 | 0317
tyre-road point contact model
Qs [M/s”] — simulated —
moving averaged profile

Qs [M/s?] — simulated —

rigid ring tyre model

0.409 | 0.462 0.498 0.322 0.553 0.316

0.357 | 0.523 0.542 0.374 0.368 0.422

IRI; [mm/m] — left track 4.22 5.65 5.45 5.68 4.92 5.00
IRIz [mm/m] — right track 4.70 7.98 6.39 5.77 7.44 6.57
IRI; g [mm/m] — left and right track 4.46 6.81 5.92 5.72 6.18 5.78
C; [10° rad m] — left track 6.16 6.31 8.65 8.76 6.55 7.51
Cr [10° rad m] — right track 5.36 11.78 12.29 7.46 9.60 8.27
Cir [10’6 rad m] — left and right track | 5.75 8.62 10.31 8.08 7.93 7.88
wy, — left track 2.61 2.33 2.54 2.29 2.45 2.50
wr — right track 2.49 2.70 2.76 2.37 2.45 2.52
wir — left and right track 2.55 2.52 2.65 2.33 2.45 2.51
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Figure 12. (a) Road elevation spectrum, Gy(f), (b) estimated transfer function, H,(f), and (c) measured
frequency-weighted seat vertical acceleration spectrum, Guys(f), for v = 67 km/h and road
section “Essais AM”.
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Figure 13. Measured and simulated frequency-weighted acceleration ay for three tyre-road contact
models and multibody semi-trailer truck (v = 67 km/h).
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