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Abstract
Tyres are an important component that affect the energy consumption and perfor-
mance of all vehicles, including trucks. The vital properties of the tyre realising
these phenomena are the rolling resistance and lateral slip stiffness, respectively.
This project aims to investigate and understand the influence of vertical load on
the rolling resistance coefficient and lateral slip stiffness and based on these investi-
gations, evaluate the possibility of creating simple and physically interpretable yet
tune-able tyre models. The lateral slip stiffness investigation involves modelling a
physical tire model based on the brush model with parabolic pressure distribution
and a curve-fit model based on the ’openPBS’ tool non-linear tyre model. These
models are tuned to match the data extracted from the VTI experiments of test
performed with a truck tyre on the tyre testing facility. The lateral slip stiffness gen-
erated using both models is compared with the experimental test data, and found
that the curve-fit model presents a better approximation of the test data. However,
dense measurement data in terms of more data sets for varying vertical loads as well
as more number of measured lateral force vs. slip points for each vertical load data
set will be required to confirm this conclusion. The variation of RRC with lifted and
non-lifted axles is studied using test data availed from a report by Lennart Cider,
discussing the rollout tests of two different trucks with lifted and non-lifted axles.
A proposition of load independent wheel bearing torque loss is considered as an
alternate explanation for the varying rolling resistance and a study conducted for
the same shows that the friction losses in the wheel bearings could approximately
account for around only 13.5% of the estimated change in rolling resistance. Hence
this cause solely is an unlikely explanation of the difference in rolling resistance. A
finite element study of the tyre contact patch and the vertical load offset could aid
the understanding of this phenomena better.

Keywords: Truck tyre, tyre model, rolling resistance, slip stiffness, bearing loss.
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1
Introduction

This chapter presents the background to the project, as well as the purpose, delim-
itaions and limitations.

1.1 Background
Long heavy combination vehicles have the potential to save energy, CO2 and other
transportation costs. Since the CO2 emissions and fuel consumption are interde-
pendent, which further depends on the rolling resistance of the heavy commercial
vehicles, specifically their tyres.

Rolling resistance is the force lost when the tyres rotate under vertical loading as the
truck moves when compared to the nominal transmission froce and torque. Over a
long and continuous operating cycle, the reduction in rolling resistance brings down
the costs of transportation significantly. Lower rolling resistance implies less loss of
energy, lower fuel consumption leading to reduced CO2 emissions. Tyres affect the
energy consumption and road grip for acceleration, braking and lateral manoeuvres.
All these measures are influenced by the vertical force or load on the tyres.

The lateral and longitudinal slip stiffness of tyres affect the performance of the
vehicle. When the vehicle is accelerating, braking or cornering the tyre properties
along with the slip stiffness come into play. Forces from the tyres are transferred to
the road the execution of manoeuvres such as cornering, braking etc. largely depend
on the capability of the tyres.

1.2 Purpose and Goal
This project will investigate the influence of vertical load on truck tyres, with re-
spect to the rolling resistance and the lateral slip stiffness. There will also be an
investigation to see if the vertical load influences the rolling resistance coefficient
or other parameters that could affect the rolling resistance. The goal is to select a
suitable tyre model for modelling of truck tyres.
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1. Introduction

1.3 Delimitations
In order to make this project feasible with regards to the scope of the work and
the project timeline as well as man hours available, certain delimitations have been
considered. They are as follows:

1. Dry paved roads are considered with friction utilisation within peak limits.
2. Variation of tyre normal force in the range of 0.5 ·FZ,Nom < FZ < 1.2 ·FZ,Nom.
3. Effects of variation in tyre inflation pressure and tyre temperature have been

neglected.

1.4 Limitations
There have been a few limitations to the project, mostly related to the availability
of test data. This makes it hard to verify theories and calculations, since there is a
limited amount of data to use for verification. No physical tests can be conducted.
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2
Theory

In order to investigate different tyre models and their scope of usability for this
project, a literature review of the different types of tyre models used in the industry
and the physics of each model was conducted. For the variation of rolling resistance,
a study of roll-out tests was performed of trucks with lifted and non-lifted axles was
reviewed. The findings of these reviews are presented in this section.

2.1 Lateral slip stiffness models
The models studied and considered for the lateral slip stiffness modelling are dis-
cussed in this section. For the sake of a simplistic comparison and to prevent scope
creep w.r.t this project, this discussion mainly includes only two types of models,
physical tyre models and curve-fit tyre models.

2.1.1 Physical Model
Physical models are based on the physics of the tyre-road interaction and available
physical data for the tyre. The brush tyre model is a type of a physical tyre model in
which the tyre treads are represented as bristles which deform over the longitudinal,
lateral and vertical direction [4].
Based on the pressure distribution of the contact patch, the brush models can be
classified into the following categories:

1. Uniform pressure distribution brush model.
2. Parabolic pressure distribution brush model.

Additionally, to explain the lateral dynamics of the tyre-road interaction, the brush
model is classified based on the deformation of the bristles into the following cate-
gories:

1. Brush model with independent bristles.
2. Brush model with dependent bristles (String model).

The parabolic pressure distribution model is considered for the scope of this project
for the physical tyre model, as it is a more accurate representation of the actual
contact dynamics of a tyre.

Parabolic pressure distribution model:
Using the equation 2.30 from the Vehicle Dynamics compendium [3] for the lateral
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2. Theory

dynamics, the lateral force Fy generated by the tyre is defined as:

−Fy·sign(sy) = Cy·|sy|−
(

2− µslip
µstick

)
· (Cy · |sy|)2

3 · µstick · Fz
+
(

3− 2 · µslip
µstick

)
· (Cy · |sy|)3

27 · (µstick · Fz)2

(2.1)
else if ω · vx ≤ 0 or |Fy| ≤ µ · Fz

− Fy · sign(sy) = µ · Fz (2.2)

Where,

µstick = µpeak ·
(3−2
kµ

)2

4−3
kµ

(2.3)

kµ = µstick
µslip

(2.4)

kµ = Frictional ratio constant, µpeak = Peak frictional coefficient.
Cy is the lateral slip stiffness of the tyre, which is evaluated using the expression
shown below:

Cy = Gy ·W · L2

2 ·H2
y

(2.5)

Where, Gy = Shear modulus of rubber, W = Tyre width [m], L = Contact patch
length [m], Hy = Tread height [m]. The lateral slip of the tyre sy is defined as:

sy = vy
R · ω

(2.6)

Where, R = Tyre radius [m], vy = Lateral velocity of the tyre [m/s] and ω = Rota-
tional speed of tyre [rad/sec].
In equation 2.5, the definition of the lateral slip stiffness includes parameters such as
Gy, W , L and H which are intrinsic physical properties of a tyre with L being load
varying as well. This makes it difficult to estimate them accurately for each tyre
being modelled, since these are measured and experimentally determined quantities.
For this reason, we use an alternate, more general method of calculating the lateral
slip stiffness Cy referring to equation 2.48 from the Vehicle Dynamics Compendium
[3] which is as given below:

Cy = Fz

FzNom + kNom−1
FzNom

· Fz2 · Cx,Nom (2.7)

Cx = Fz
FzNom

· Cx,Nom and kNom = Cx,Nom
Cy,Nom

(2.8)

This way of evaluating the lateral slip stiffness Cy depends only on the nominal
longitudinal and lateral slip stiffness CxNom and CyNom respectively.

2.1.2 Curve Fit Model
With the availability of multiple tyre models used for modelling tyre characteris-
tics and performance, the preferment towards curve-fit models such as the Pacejka
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2. Theory

(Magic Formula) has increased due to their more accurate response to tyre behaviour
approximation compared to physical models, however over limited operating ranges.
These models best approximate tyre behaviour over steady state operating condi-
tions, whereas the physical models conversely seem to have a larger validity range.
Given that the scope of this project follows certain de-limitations, the investigation
of the curve-fit models is constrained to the openPBS curve-fit model, which is de-
rived using Pacejka’s Magic Formula. The comparison of this curve-fit model with
the physical models discussed in the previous section serves as a good investigative
and comparative approach for choosing an optimal tyre model.

The openPBS tyre model is developed to approximate tire behaviour in both linear
and non-linear regions. The tyre lateral force calculated using the model in the
linear region of operation of the tyre is evaluated as [1]:

Fy = −Cst · α (2.9)
where Cst represents the tyre’s cornering stiffness or lateral slip stiffness.

The approximation of the non-linear region of operation of the tyre by the OpenPBS
tool is based on a simplified version of Pacejka’s Magic Formula, which simplifies the
number of parameters involved in evaluating the tyre’s lateral forces. The steady
state lateral force evaluated by the openPBS model in the non-linear region of op-
eration is as shown below [2]:

Fyt = FZT · uy · sin
(
C · atan

(
CCy
C · uy

· αy
))

(2.10)

where FZT is the tyre vertical force, uy is the maximum lateral force coefficient (peak
friction coefficient), C is a shape factor, CCy is a tyre cornering coefficient and αy
is the slip angle. Tyre shape factor C is defined as:

C = 2
(

1 + asin(u2)
π

)
(2.11)

where u2 is the ratio between infinite slide friction and peak friction and has a value
of 0.8. The maximum lateral force gradient is modified by the vertical force:

uy = uy0 ·
(

1 + ugy ·
FZT − FZT0

FZT0

)
(2.12)

where uy0 is the tyre maximum lateral force coefficient at nominal load with a typi-
cal value of 0.8 [1] and ugy is the maximum lateral force gradient at actual load that
has a typical value between -0.1 and -0.3 [1].
Tyre cornering coefficient CCy can be defined from the cornering coefficient at nom-
inal tyre force CCy0 and the maximum cornering coefficient gradient ccgy as follows:

CCy = CCy0 ·
(

1 + ccgy ·
FZT − FZT0

FZT0

)
(2.13)

Both the linear and non-linear openPBS tyre models include tyre relaxation, which
determines how fast the tyre reaches steady state conditions. However, for the scope
of this project, we consider the study of steady state operating conditions and so we
do not include the transient effects of relaxation length.
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2. Theory

2.2 Rolling resistance model

2.2.1 Constant rolling resistance
The fundamental theory of this report is based on the forces acting on the wheel
illustrated below in figure 2.1.

Figure 2.1: Forces acting on the wheel

In figure 2.1, M is the mass acting on the wheel, R is the radius of the wheel, Rl

is the loaded radius of the wheel, e is the distance at which the forces act on the
wheel.
ω is the angular velocity of the wheel, Fx is the longitudinal force, and Fz is the
vertical force acting on the wheel.
The longitudinal force acting on the wheel is found by the expression,

Fx = T

Rl

− e

Rl

Fz (2.14)

Where, T is the torque applied.
The rolling resistance co-efficient is further found by the expression,

rrc = Fx
Fz

(2.15)

Initial data is taken from the SAE paper where size of tyre used is 445/50R22.5 on
the dry surface is used.
The variation of rolling resistance co-efficient is found by changing the various pa-
rameters like vertical load, tyre pressure (which varies the contact patch length of
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2. Theory

tyre with road), which is further used to reduce the co2 emissions using the energy
equations.
1. Variation of rolling resistance for different tyre measurements vs tyre speed

Figure 2.2: Rolling resistance vs tyre speed for different tyres[5].

We see that rolling resistance co-efficient increases with increase in speed, and de-
ceases with increase in the width of the tyre.
2. Variation of rolling resistance for different tyre measurements vs tyre speed

Figure 2.3: Rolling resistance vs vertical load for different tyre pressure.[5]

Rolling resistance co-efficient shows the decreasing nature with increase in vertical
load. We also see that rrc is high when the pressure in too high or too low, for
nominal load lower rrc is observed.
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2. Theory

2.2.2 Varying rolling resistance coefficient
The theory of variable rolling resistance with respect to vertical load is commonly
accepted and mentioned in several reports and studies. One study that evaluated
the change in rolling resistance coefficient on trucks is a roll out test conducted by
Lennart Cider at Volvo trucks [7]. The test procedure was to roll out a truck with a
trailer at 80km/h and let it roll until a complete stop, then the same thing was done
again but now with lifted axles on the truck and the trailer to increase the vertical
load on the wheels still in contact with the road surface. During this procedure,
measurements on the longitudinal forces acting on the truck was conducted. The
different truck combinations used in the test is presented below in figure 2.4, the
letter T stands for trailers and A stand for axles.

Figure 2.4: Vehicle fleet for roll out test

The result from the Ciders report regarding the change in rolling resistance coeffi-
cient is tabulated below in table 2.1.

Table 2.1: Rolling resistance coefficient results from Lennar Cider

T1A6 T1A3 T2A11 T2A6
RRC 0,007 0,006 0,007 0,055
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3
Methods

The methodology used to develop the tyre models included a literature review of
the existing tyre models along with their merits, limitations and evaluation of use
for the purpose of this project. The efficacy of each model was tested with the
limited test data available, and then the suitable reference model was tuned to best
match the available test data of the truck tyre. The testing and tuning of the model
outputs was performed using MATLAB as it served the purpose for computations
and graphical comparisons. In addition, the test data available from the roll-out
tests [7] was tested for an alternate hypothesis to try and explain the varying RRC,
which was done using MATLAB as well.

3.1 Lateral slip stiffness model
The general methodology followed for the physical and curve-fit model is the same.
The process flow can be summarised in the following steps below:

1. Gather the test data from the VTI experiments [6].
2. Creating the reference model in MATLAB.
3. Identify the operating conditions, fixed parameters, tuning parameters and

intermediate parameters.
4. Tuning of the model to best match the reference test data available.
5. Checking validity of the tuned model for larger operating ranges.

The reference data extracted from the VTI experiments [6] is shown in the image
below:
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3. Methods
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104 Data extracted from VTI experiments - Front tyre high friction test

Fz Nominal = 36787.5  [N]

Fz = 10kN

Fz = 25kN

Fz = 40kN

Fz = 55kN

Figure 3.1: VTI experiment data for varying vertical loads

This plot shows the tyre lateral force vs. slip angle curves for four different normal
loads, for tests performed on a high-friction surface. This data set was used as the
reference for tuning both the physical and curve fit models. A point to note is that
the data for the VTI experiments was extracted manually using a grid superim-
position on the lateral force vs. slip plots available in the report [6], rather than
generating the plot using explicit data points of slip and Fy. This results in the less
"smooth" data plot as seen in figure 3.1 above.

Following this step, the MATLAB script for both models is developed using the
respective reference models. The structure of the MATLAB script is similar for
both the models, which includes the following components:

• Initialisation function: Defines the operating conditions, fixed parameters,
tuning and intermediate parameters.

• Main function: Defines the physics of the lateral force generation by the tyre
for each tyre model.

• Plotting function: Generates the relevant plots comparing the test data vs.
the function output.

3.1.1 Physical Model
For the physical model, the brush model with parabolic pressure distribution was
considered [3]. The initialisation function is defined using the following set of pa-
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3. Methods

rameters:

Parameter Classification Parameter Description Tuned/Used Value
Operating condition Fz Normal load on tyre 10,25,40,55 kN

Fixed
Fz,Nom Normal load on tyre (nominal) 36.7 kN
Cx,Nom Nominal longitudinal stiffness 506265 N/slip
µpeak Peak friction coefficient 0.65

Tuning kNom Slip stiffness constant 1.315
kµ Frictional constant tuning factor 1.6

Intermediate µstick Stick friction coefficient 0.9368
µslip Slip friction coefficient 0.5855

Table 3.1: Parameter classification for the physical model

Using this parameter set, the lateral force generation function (main function) util-
ising the physics of the model was defined using the equation 2.1 presented in the
theory section. Subsequently, the plotting function is defined to plot and compare
the lateral force vs. slip plots for the varying normal loads.
Tuning the model:
Once we have the model generating output for all the vertical load cases, we tune the
model using the tuning parameters kNom and kµ to match the model curve trends
with the test data. Since we have four distinct normal load cases of 10kN, 25kN,
40kN and 55kN, it is difficult to match all the curves simultaneously, and requires
some numerical optimisation technique. Since the nominal vertical load of the test
tyre for which the test data has been obtained is 36.7 kN [6], we aim to tune the
model such that the best possible fit of the model output and the test data is ob-
tained around the nominal vertical load. The closest available test data normal load
case w.r.t this is the 40 kN case.
The kNom is defined as the ratio of the longitudinal and lateral slip stiffness of the
tyre (ref: equation 2.8). We obtain the nominal longitudinal slip stiffness for the
40 kN load case from the VTI experiments data [6], which is 506265 N/slip. Us-
ing this, we tune the model by performing a parameter sweep for kNom and kµ. A
representation of the parameter sweep performed for kNom is shown the figure 3.2
below. The solid red line with the circle markers represents the 40 kN vertical load
test case from the VTI experiments [6].
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104 Physical model optimisation for Fz = 40 kN load case

Best fit k
Nominal

 = 1.315

Best fit k
mu

 = 1.6

k
 
Nom =   1
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k
 
Nom =1.75

k
 
Nom =   2

Figure 3.2: Physical model optimisation for 40 kN load case

The "best fit" curve for a given value of the tuning parameter (say for example,
kNom = 1.25) is evaluated by visual comparison with the reference test data of the
40 kN load case. The range of the parameter sweep is started at a broad interval
and narrowed down to inspect a closer fit to the reference data curve. The closest
fit in the approximately linear range of the tyre (slip angle of -5 to 5 deg.) passing
through the test data points at -5 and 5 deg of slip is chosen for the best fit criteria.

3.1.2 Curve-Fit Model
The process for modelling the curve-fit model is similar to the general structure
of tuning the physical model as described in the previous section, which includes
creating the model in Matlab based on the physics of the model, identify the fixed
parameters, tuning parameters, intermediate parameters and operating conditions.
Once this is done, we tune the model to match the VTI experiments data by manip-
ulating the tuning parameters. Since we have the test data for four different normal
load cases, we tune the model to match the test data for the nominal tyre load (≈
36.7 kN). The test data load case available that is closest to this value is the 40
kN load case [6], and hence we do tuning of the model to match that curve of the
test data. The physics of the curve-fit model is based on the openPBS non-linear
curve-fit model [2], which is based on Pacejka’s Magic Formula.
The parameter set identified and classified for the curve-fit model is as shown below:
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3. Methods

Parameter Classification Parameter Description Tuned/Used Value
Operating condition Fz Normal load on tyre 10,25,40,55 kN

Fixed Fz,Nom Normal load on tyre (nominal) 36.7 kN

Tuning

ugy Maximum lateral force gradient -0.2
CCy0 Cornering coefficient at Fz,Nom 11.648
uy0 Max. lateral force coefficient at Fz,Nom 0.8
ccgy Max. cornering coefficient gradient 0
u2 Slide friction ratio 0.8

Intermediate
C Shape factor 2.5903
uy Max. lateral force coefficient Fz dependent
CCy Cornering coefficient Fz dependent

Table 3.2: Parameter classification for the curve-fit model

Using this parameter set, the lateral force generation function (main function) util-
ising the physics of the model was defined using the equation 2.10 presented in the
theory section. Subsequently, the plotting function is defined to plot and compare
the lateral force vs. slip plots for the varying normal loads.
Tuning the model:
The tuning process for the curve-fit is the same as followed for the physical model,
with the difference that the number of tuning parameters are five instead of two.
This compounds the issue of tuning all of the parameters and cannot be done with-
out the use of numerical optimisation, which risks scope creep for this project. For
this reason, we proceed with considering conservative estimate values for the pa-
rameters uy0, ccgy and u2 listed in the table 3.2 above to limit the complexity of the
tuning and focus on CCy0 and ugy as the primary tuning parameters. Also similar
to the physical model, the tuning for the curve-fit model is done around the normal
load case closest to the nominal normal load of the tyre, which is the 40 kN load
case.
The parameter ugy is the maximum lateral force gradient at actual load [2], which
is 40 kN for the tuning case. The tuning is done with an initial value of zero and a
parameter sweep on both sides of zero to check for best fit. Similarly, the param-
eter CCy0, which is the cornering coefficient at nominal tyre force is tuned with a
parameter sweep from 8 to 12, The range of values for the parameter sweep was
considered based on the final values referred to from [2], and then the range was ac-
cordingly adjusted based on the trends of the plot for the 40 kN load case observed.
A representation of the parameter sweep performed for the tuning parameter CCy0
is shown the figure 3.3 below. The solid red line with the circle markers represents
the 40 kN vertical load test case from the VTI experiments [6].
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104 Curve-fit model optimisation for Fz = 40 kN load case

Best fit CC
y0

 = 11.648

Best fit ug
y
 = -0.2

CCy0 = 8
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CCy0 =10

CCy0 =11

CCy0 =12

Figure 3.3: Curve-fit model optimisation for 40 kN load case

The "best fit" curve for a given value of the tuning parameter (say for example,
CCy0 = 11) is evaluated by visual comparison with the reference test data of the
40 kN load case. The range of the parameter sweep is started at a broad interval
and narrowed down to inspect a closer fit to the reference data curve. The closest
fit in the approximately linear range of the tyre (slip angle of -5 to 5 deg.) passing
through the test data points at -5 and 5 deg of slip is chosen for the best fit criteria.

3.1.3 Lateral Slip Stiffness
The goal for this part of the project is ultimately to determine to an optimal type
of tyre model to calculate the lateral slip stiffness of a test tyre. To compare the
lateral slip stiffness of the test tyre [6] evaluated by both type of the tyre models
discussed above, we plot the same and compare them in a plot. The plot includes
the data of the longitudinal slip stiffness acquired from the VTI experiments [6]
and the lateral slip stiffness calculated using the physical model, the curve-fit model
and the reference from the VTI experiments [6]. The data for the longitudinal and
lateral slip stiffness from the VTI experiments includes only four distinct values
corresponding to four distinct vertical load test cases, however the the outputs of
the physical model and the curve-fit model is a continuous curve for varying vertical
load cases.
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3. Methods

3.2 Rolling resistance model
After reviewing several reports on rolling resistance and the related variables and
components, a new theory was introduced. The theory was that the rolling resistance
coefficient could in fact be constant, not varying with the vertical load as the theory
presented in the report by Lennart Cider. Further the change in rolling resistance
could be explained as a result of minimising the mechanical friction losses in the
wheel bearings by lifting the axles, this quantity is referred to as ∆T . How this was
investigated and evaluated will be presented below.
The first step was to backtrack the longitudinal force acting on the truck in order
to get a better understanding of the forces acting on the system. The available data
from the report related to the test that was investigated is presented below.

Truck Mass (Kg) RRCv R (m) g (m/s^2)
T1-6 axle 24000 (Kg) 0.007

0.537 9.81T1-3 axle 24000 (Kg) 0.006
T2-11 axle 46000 (Kg) 0.007
T2-6 axle 46000 (Kg) 0.0055

Table 3.3: Data from Cider report

Using the data from cider report, longitudinal force and vertical force are calculated
initially using the following equations,

Fz = Mass ∗ g (3.1)

Fx1 = RRCv1 ∗ Fz (3.2)

Where, Fx1 is the longitudinal force of truck with all the axles performing.

Fx2 = RRCv2 ∗ Fz (3.3)

Fx2 is the longitudinal force of the truck with the lifted axle.
RRCc and ∆T are further calculated by solving the equations for trucks carrying
same load with and without lifted axles.
The formula that is used to compute is:

Fx1 = Fz ∗RRCc+ x ∗∆T/R (3.4)

Fx2 = Fz ∗RRCc+ y ∗∆T/R (3.5)

Where, x is the number of axles in action on the truck with all axles performing.
y is the number of axles in action of the lifted axle truck.
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- Truck with all axles performing
(x)

Truck with lifted axles
(y)

Case 1 6 3
Case 2 11 6

Table 3.4: Values of x and y for two different cases

This resulted in a linear equation system with two equations and two unknowns for
each truck, the constant rolling resistance coefficient and the delta torque. This was
solved using MATLAB, the code can be found in appendix A.2.2 and the results are
tabulated in the results section.

3.2.1 Investigating the Frictional losses in wheel bearings
By using SKFs bearing calculation tools the frictional losses of the wheel bearing
could be estimated [8]. Since there was no available data on the specific bearings
mounted on the trucks for the specific tests, a standard bearing for a Volvo FH16
was used as a reference [9]. Unfortunately the specific bearing was not available
on SKFs website, a bearing with similar size was used instead. The friction losses
where then calculated for the given values of Fz for the roll out test, the results are
presented in the next chapter.
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4
Results

In this section, we present the results obtained for lateral slip stiffness and rolling
resistance investigations, their inference and the validity of these results.

4.1 Lateral slip stiffness model

4.1.1 Physical Model
The figure 4.1 below shows the comparison between the tuned physical model output
and VTI test data for the different vertical load cases.
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Figure 4.1: Physical model vs.VTI test data for different vertical loads
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4. Results

4.1.2 Curve-Fit Model
The figure 4.2 below shows the output of the tuned curve-fit model in comparison
with the VTI test data [6] for the varying vertical load cases.
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Figure 4.2: Curve-fit model output vs. VTI test data

4.1.3 Lateral Slip Stiffness
The figure 4.3 below shows the lateral slip stiffness output for the physical model and
the curve-fit model and the comparison of these with the reference test data from
the VTI experiments. As a measure of comparison, the longitudinal slip stiffness is
also included in the plot to show the trend of the Cy w.r.t Cx. The curve-fit model
shows a better conformance to the test data as compared to the physical model.
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Figure 4.3: Lateral slip stiffness

20



4. Results

4.2 Rolling resistance
The results fro RRCc and ∆T are as shown below

Truck RRC Fz total (N) Fx total (N) ∆T (N-m) RRCc
T1-6 axles 0.007 235440 1648.1 42.15 0.00499T1-3 axles 0.006 235440 1412.6
T2-11 axles 0.007 451260 3158.8 72.42 0.00371T2-6 axles 0.0055 451260 2481.9

Table 4.1: Results for ∆T and RRCc

When the first truck runs with all of the axles in the lowered position there is a
torque loss of 42.15 Nm per axle compared to when three of the axles are lifted.
The rolling resistance was calculated to be 0.00499.
For the second truck with 11 axles the torque savings when the axles was in the
lifted position was 72.42 Nm per axle. In this case the rolling resistance coefficient
was calculated to 0.00371.

4.2.1 Bearing losses
The calculations from SKFs website is presented below in figure 4.4.

Figure 4.4: Bearing data and friction losses

The results above is from the calculations done for the second truck with 11 and 6
axles respectively. The nominal friction losses given from the SKF calculations gives
a result of nearly 2.5 Nm per bearing it becomes almost 10 Nm per axle, which is
around 13.5% of the total ∆T per axle.

21



5
Discussion & Conclusion

5.1 Lateral Slip Stiffness
The physical model (figure 4.1) and the curve-fit model (figure 4.2) have both been
tuned for the test data available by tuning parameters specific to each model. The
curve-fit model provides a better estimation of the lateral slip stiffness w.r.t the test
data available as shown by figure 4.3, however more dense measurements in terms
of slip angles and vertical load cases are needed to cement this finding.

5.2 Rolling Resistance
Some of the changes in rolling resistance coefficient could be explained by friction
losses from the wheel bearings, however not nearly as much as anticipated. The
remaining change in rolling resistance still needs to be accounted for, there could
be other forces that could explain this phenomena. But for now the theory about
a varying rolling resistance coefficient with respect to vertical load is not opposed,
although some of the change in rolling resistance could be explained by losses in the
bearings, it is not enough.
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6
Future work

6.1 Lateral Slip Stiffness
The accuracy of the physical and curve-fit models can be improved by using optimi-
sation techniques for tuning the parameters, to get a better fit for the available test
data and increase the validity of the models. Since the test data available from the
experiments was sparse, more dense measurements could be used, representing dif-
ferent types of truck tyres and the results could be analysed to check the trends for
each model. A commonised parameter structure for both models could be created
to implement modular modelling.

6.2 Rolling Resistance
For future work regarding the rolling resistance, it would be interesting to conduct
a study on a real truck tyre and measure actual friction losses on a wheel bearing.
In contrast to the nominal values provided by the bearing manufacturer. A finite
element study of the tyre contact patch and the vertical load offset could increase
the understanding of the phenomena why the pressure distribution is offset towards
the tyre rolling direction. Further, the parameter identified in 3.2 could be extended
to treat each individual axle, i.e. assuming RRC is linearly varying with Fz for each
axle, as opposed to for the whole vehicle as done in present work.
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A
Appendix

A.1 Lateral slip stiffness model Code

A.1.1 Physical Model (Parabolic pressure distribution)
A.1.1.1 Parameterisation file

%% In s t r u c t i o n s

% 1 . Run t h i s i n i t i a l i z a t i o n s c r i p t to load a l l parameters
% 2 . Run Plott ing_Function s c r i p t to get the Fy vs s l i p p l o t s

f o r a l l f ou r load ca s e s
% 3 . Run L a t e r a l S l i p S t i f f n e s s s c r i p t to get comparison

between Cx , Cy ( phy s i c a l model ) and Cy (VTI data )

%% I n i t i a l i z i n g ty re parameters and operat ing cond i t i on s
c l e a r ; c l o s e a l l ;
c l c ;

% Tyre S p e c i f i c a t i o n − 315/70 R22 . 5 (571 . 5mm) − Front Tire
% Nominal i n f l a t i o n p r e s su r e − 8 bar
% Nominal ax l e load = 7 .5 ton ( f r on t ax l e )
% Nominal Fz = (7 . 5 /2 )∗9 . 8 1 = 36.7875 kN

( C lo s e s t a v a i l a b l e load case = 40 kN)

%% VTI Data

load VTI_front_tire_high_fr ict ion_data .mat
s l ip_dt = tab l e2a r ray ( VTIFrontTireHighFrictionData ( : , 1 ) ) ;
LatFor = tab l e2a r ray ( [ VTIFrontTireHighFrictionData ( : , 2 ) . . .
VTIFrontTireHighFrictionData ( : , 3 ) . . .
VTIFrontTireHighFrictionData ( : , 4 ) . . .
VTIFrontTireHighFrictionData ( : , 5 ) ] ) ;

%% −−−−−−−−−−−Operating cond i t i ons−−−−−−−−−−− %%

% Normal load on s i n g l e t i r e [N]
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A. Appendix

StringModel . F_z = [10000 25000 40000 55000 ] ;

%% −−−−−−−−−−−Fixed parameters−−−−−−−−−−− %%

% Nominal t i r e load [N]
StringModel .Fz_Nom = 36787 . 5 ;
% Tire−road f r i c t i o n c o e f f i c i e n t
StringModel .mu = 0 . 8 ;
% Long i tud ina l s t i f f n e s s at nominal load
StringModel .C_xNom = 5.06265 e+05;
% Peak f r i c t i o n c o e f f i c i e n t
StringModel .mu_peak = max( abs ( LatFor ( : , 3 ) ) ) / . . .
Str ingModel . F_z ( 3 ) ;

%% −−−−−−−−−−−Tuning parameters−−−−−−−−−−− %%

% S l i p S t i f f n e s s constant (Tuned manually f o r 40kN load )
StringModel .k_Nom = 1 . 3 1 5 ;
% F r i c t i o n a l constant tuning f a c t o r
StringModel .k_mu = 1 . 6 ;

%% −−−−−−−−−−−Inte rmed iate parameters−−−−−−−−−−− %%

StringModel . mu_stick = StringModel .mu_peak ∗ . . .
((3−2/ StringModel .k_mu)^2)/(4−3/ StringModel .k_mu) ;
StringModel . mu_slip = StringModel . mu_stick/StringModel .k_mu;

A.1.1.2 Function definition

%% Late ra l Force Ca l cu l a t i on − Brush Model with Parabo l i c
Pressure D i s t r i bu t i on %%

func t i on [ Fy ] = TyreSlipModel ( S l ip ,F_z , StringModel , ~ )

C_y = StringModel .C_xNom.∗F_z . / ( StringModel .Fz_Nom+ . . .
( ( ( Str ingModel .k_Nom−1)./ StringModel .Fz_Nom) . ∗F_z . ^ 2 ) ) ;

i f abs ( S l i p ) < (3∗ StringModel . mu_stick .∗F_z)/C_y

Fy = −s i gn ( S l i p ) . ∗ (C_y.∗ abs ( S l i p )−(2−StringModel . mu_slip / . . .
Str ingModel . mu_stick )∗ ( (C_y.∗ abs ( S l i p ) ) . ^ 2 . / . . .
(3∗ StringModel . mu_stick∗F_z))+(3−2∗StringModel . mu_slip / . . .
Str ingModel . mu_stick )∗ ( (C_y.∗ abs ( S l i p ) ) . ^ 3 . / . . .
(27∗ ( Str ingModel . mu_stick∗F_z ) . ^ 2 ) ) ) ;

e l s e
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Fy = −s i gn ( S l i p ) . ∗ StringModel . mu_slip .∗F_z ;

end

end

A.1.2 Curve-Fit Model
A.1.2.1 Parameterisation file

%% In s t r u c t i o n s

% 1 . Run t h i s i n i t i a l i z a t i o n s c r i p t to load a l l parameters
% 2 . Run PlottingFunction_CF s c r i p t to get the Fy vs s l i p
p l o t s f o r a l l f our load ca s e s

%% I n i t i a l i z i n g ty re parameters and operat ing cond i t i on s
c l e a r ; c l o s e a l l ;
c l c ;

% Tyre S p e c i f i c a t i o n − 315/70 R22 . 5 (571 . 5mm) − Front Tire
% Nominal i n f l a t i o n p r e s su r e − 8 bar
% Nominal ax l e load = 7 .5 ton ( f r on t ax l e )
% Nominal Fz = (7 . 5 /2 )∗9 . 8 1 = 36.7875 kN

%% −−−−−−−−−−−−−Operating Condit ions−−−−−−−−−−−−−%%

TuningPar . Fz = [10000 25000 40000 55000 ] ;

%% −−−−−−−−−−−−−Fixed Parameters−−−−−−−−−−−−−%%

TuningPar .Fz_Nom = 36787 . 5 ; % Nominal ty re normal load

%% −−−−−−−−−−−−−Tuning Parameters−−−−−−−−−−−−−%%

% Primar i ly tuned

% Maximum l a t e r a l f o r c e g rad i en t
TuningPar . ugy = −0.2;
% Cornering c o e f f i c i e n t at nominal load
TuningPar .CCy0 = 11 . 648 ;

% Conservat ive ly approximated va lue s

% Maximum l a t e r a l f o r c e c o e f f i c i e n t at nominal load
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TuningPar . uy0 = 0 . 8 ;
% Maximum corne r ing c o e f f i c i e n t g rad i en t
TuningPar . ccgy = 0 ;
% S l i d e f r i c t i o n r a t i o / mu_slip
TuningPar . u2 = 0 . 8 ;

%% −−−−−−−−−−−−−Inte rmed iate Parameters−−−−−−−−−−−−−%%

% Shape f a c t o r
TuningPar .C = 2∗(1+ as in (TuningPar . u2 )/ p i ) ;

A.1.2.2 Function definition

f unc t i on [ Fy ] = CurveFitModel (Fz , alpha , TuningPar , ~ )

uy = TuningPar . uy0 .∗(1+TuningPar . ugy . ∗ . . .
(Fz−TuningPar .Fz_Nom) . / TuningPar .Fz_Nom) ;

CCy = TuningPar .CCy0.∗(1+TuningPar . ccgy . ∗ . . .
(Fz−TuningPar .Fz_Nom) . / TuningPar .Fz_Nom) ;

Fy = −Fz .∗ uy .∗ s i n ( TuningPar .C.∗ atan ( (CCy . / . . .
TuningPar .C.∗ uy ) . ∗ alpha ) ) ;

end

A.2 Rolling resistance model code

A.2.1 RRC model

A.2.2 For truck with single trailer carrying load of 24 tonnes

c l c
c l e a r
c l o s e a l l

%% Ro l l i ng r e s i s t a n c e model o f the truck with t r a i l e r

% I n i t i a l parameters :
mass = 24 e3 ; % Weight o f the truck (Kg)
g=9.81; % Acce l e r a t i on due to g rav i ty (m/ s ^2)
R = 0 . 5 3 7 ; % Radius o f the wheel ( meters )

IV



A. Appendix

RRC1 = 0 . 0 0 7 ; % r r c o f truck .
RRC2 = 0 . 0 0 6 ; % r r c o f truck with l i f t e d ax l e s .

% formulat ion f o r c a l c u l a t i n g v e r t i c a l and l o n g i t ud i n a l
f o r c e s :

Fz1 = mass∗g ; % v e r t i c a l f o r c e ac t ing on the truck (N)
Fz2 = Fz1−1;

Fx1 = Fz1∗RRC1; % Long i tud ina l f o r c e o f the truck (N)
Fx2 = Fz1∗RRC2; % Long i tud ina l f o r c e o f the truck with

l i f t e d ax l e s (N)

e1 =Fx1∗R/Fz1 ; % The po int at which the load ac t s
on the wheel

e2 =Fx2∗R/Fz2 ; % The d iantce at which the load ac t s
on the whel f o r l i f t e d ax l e truck .

% To s l o l v e f o r torque l o s s and constant
r o l l i n g r e s i s t a n c e co−e f f i e c i n t

syms delta_T RRCc

eq1 = Fz1∗RRCc + (6∗ delta_T )/R == Fx1 ;
eq2 = Fz2∗RRCc + (3∗ delta_T )/R == Fx2 ;

s o l = so l v e ( [ eq1 , eq2 ] , [RRCc, delta_T ] ) ;

% r e s u l t s f o r constant r o l l i n g r e s i s t a n c e and torque l o s s

RRCc_out = double ( s o l .RRCc) % constant r r c
delta_T_out = double ( s o l . delta_T ) % Toque l o s s [N−m]

A.2.3 For truck with single trailer carrying load of 46 tonnes

c l c
c l e a r
c l o s e a l l

%% Ro l l i ng r e s i s t a n c e model o f the truck with t r a i l e r
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% I n i t i a l parameters :
mass = 46 e3 ; % Weight o f the truck (Kg)
g=9.81; % Acce l e r a t i on due to g rav i ty (m/ s ^2)
R = 0 . 5 3 7 ; % Radius o f the wheel ( meters )

RRC1 = 0 . 0 0 7 ; % r r c o f truck .
RRC2 = 0 . 0055 ; % r r c o f truck with l i f t e d ax l e s .

% formulat ion f o r c a l c u l a t i n g v e r t i c a l and l o n g i t ud i n a l
f o r c e s :

Fz1 = mass∗g ; % v e r t i c a l f o r c e ac t ing on the truck (N)
Fz2 = Fz1−1;

Fx1 = Fz1∗RRC1; % Long i tud ina l f o r c e o f the truck (N)
Fx2 = Fz1∗RRC2; % Long i tud ina l f o r c e o f the truck with

l i f t e d ax l e s (N)

e1 =Fx1∗R/Fz1 ; % The po int at which the load ac t s
on the wheel

e2 =Fx2∗R/Fz2 ; % The d iantce at which the load ac t s
on the whel f o r l i f t e d ax l e truck .

% To s l o l v e f o r torque l o s s and constant
r o l l i n g r e s i s t a n c e co−e f f i e c i n t

syms delta_T RRCc

eq1 = Fz1∗RRCc + (11∗ delta_T )/R == Fx1 ;
eq2 = Fz2∗RRCc + (6∗ delta_T )/R == Fx2 ;

s o l = so l v e ( [ eq1 , eq2 ] , [RRCc, delta_T ] ) ;

% r e s u l t s f o r constant r o l l i n g r e s i s t a n c e and torque l o s s

RRCc_out = double ( s o l .RRCc) % constant r r c
delta_T_out = double ( s o l . delta_T ) % Toque l o s s [N−m]
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