
1. INTRODUCTION
The tractive and braking performance of tires on ice has drawn much 
attention from the researchers around the world, as it is closely 
related to the vehicle active safety system. It is important, for 
example, to know how the Anti-lock Brake System (ABS) will 
perform for a car running on icy roads. In order to consider the tire 
performance under such conditions as part of the vehicle control 
system, an adequate tire model is needed; this effort includes the 
model development, the parameterization of the model, and the 
collection of the experimental tire-ice data needed for model 
parameterization and validation.

A relatively small number of previous studies focused on the 
mathematic model that predicts the traction performance of tire on ice 
and could be possibly used on the vehicle control system. A model of 
traction force in the tire contact patch on ice was proposed by Hayhoe 
[1] assuming that the contact patch could be divided into two regions: 
a dry sliding region and a water film region. Based on the same 
assumption, subsequent models for predicting the traction force of 

tire on ice, with higher accuracy and simpler expression relative to 
the model in [1], were developed by Peng [2, 3]. However, none of 
those models takes into account the non-uniformity of the pressure 
distribution in the contact patch, which a modular-structured model, 
proposed by Bhoopalam [4], does. Furthermore, while the 
aforementioned models are shown to predict the tractive performance 
of tire on ice within an acceptable tolerance, none of them account 
for the lateral dynamics properties of tires, which are critical in 
predicting the lateral forces. Therefore, such models may not be 
suitable for use in the vehicle control system that has to control the 
lateral dynamics. For these control systems, a modified version of the 
Dugoff tire model could be employed to characterize the lateral and 
the longitudinal tire forces in the sideslip angle and road friction 
estimation [5, 6, 7].

Experimental testing of tires on ice can illustrate the influence of 
operational parameters on the tractive, braking, and handling 
performance of a tire, and can provide the necessary validation data 
for tire-ice interaction models, as well as for the parameterization of 
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these models. The tire testing machine drum is probably the most 
common indoor testing machine utilized by the tire industry. Shimizu 
coated the machine drum in ice so that the variation of the lateral 
friction coefficient with the slip angle and of the longitudinal friction 
coefficient with the slip ratio could be tested [8]. Using the same 
testing facility, Shimizu also explored the effect of various ice 
textures on the friction coefficient versus slip ratio relation [9]. The 
influence of operational parameters such as normal load, inflation 
pressure, toe angle, tread depth, and camber angle on the normalized 
drawbar pull (named the drawbar pull coefficient) was studied by 
Bhoopalam via indoor testing of a 16” SRTT tire on ice on the 
Terramechanics Rig at the Advanced Vehicle Dynamics Laboratory 
(AVDL) at Virginia Tech [10]. Outdoor tests using the same tire 
mounted on a truck were also performed to investigate the traction 
force on ice [11, 12]; it has been noted in this study that a direct 
benchmarking between the indoor and the outdoor tests results was 
not possible due to multiple reasons, among which: impossibility to 
control some of the operational parameters in the outdoor tests, while 
they were controlled in the indoor tests (e.g., ice temperature and 
normal load); accurate control of the slip ratio (indoor tests have been 
performed for very precise slip ratios); vehicle speed (indoor tests can 
only be performed at low speed).

For the parameterization of a tire model it is important to characterize 
the dynamic performance of the physical tire first. The complexity of 
the parameterization process, the associated cost, as well as time 
needed, increase with the number of tire model parameters. The 
parameterization processes of three popular tire models: Dugoff tire 
model, Magic Formula tire model, and FTire model, are briefly 
discussed here.

Dugoff tire model, with a low number of parameters and acceptable 
accuracy of predicting longitudinal and later forces, is quite popular 
for applications involving vehicle control system design [5, 6, 7]. The 
parameters of Dugoff tire model have physical meanings, and the 
parameterization could be completed by referring to typical physical 
values [5] or by using regression techniques to extract longitudinal 
stiffness and corner stiffness from the tire testing data. Furthermore, 
the Dugoff tire model is relatively computationally inexpensive, 
making it a great candidate for real-time simulations or hardware/
software in-the-loop simulations.

The Magic Formula tire model [13] has more parameters than the 
Dugoff tire model, and its parameters don’t have physical meanings. 
Optimization of the tire testing data is needed for the 
parameterization of the Magic Formula. The main optimization 
method applied to parameterize the Magic Formula, developed by 
TNO, uses an optimization technique to fit the Magic Formula 
parameters using the Matlab toolbox [14]. This method requires 
starting values of the parameters at the beginning of the optimization. 
Proper starting values of parameters are not easily accessible for 
combined a slip condition, for example [14, 15]. Therefore, for this 
case, the global minimum might not be reached, and, as a 

consequence, suitable parameters of the Magic Tire model may not 
necessarily be obtained using this method. An alternative 
optimization method based on genetic algorithms could avoid the 
unfavorable scenario resulted from improper starting values for 
combined slip condition, as this method doesn’t need any starting 
values to launch the optimization [14].

Compared with the aforementioned two tire models, FTire has a large 
number of tire design, physical, and modal parameters. Because of 
this fact, the parameterization process is more complex, including: 
cleat tests, modal tests, simulations of a Finite Element (FE) model, 
and optimization techniques. Furthermore, tire design data sheets and 
simple measurements [16] are also used. Three packages, FTire/calc, 
FTire/fit, and FTire/estimate, assist users in parameterizing the FTire 
after the modal test and cleat test are done for an initial and partial 
parameterization [17]. FTire/calc performs simulations of FE model 
to partially validate the initial parameterization and to provide a first 
FTire input file to FTire/fit. FTire/fit tunes the parameters of FTire 
and does the optimization to minimize the least-squares distance of 
cleat test measurements and the simulation result of the FTire model 
on a cleat. Finally, FTire/estimate utilizes the well-validated tire data 
file and extrapolation techniques to tweak the modal and stiffness 
parameters of FTire.

As part of the project Innovative Engineering of Ground Vehicles with 
Integrated Active Chassis Systems (“Project EVE”), funded by the 
European Union Horizon 2020 Framework Program [18], this study 
conducted testing of a 235/55R-19 all-season tire on ice at Virginia 
Tech for various combinations of tire pressure, normal load, and slip 
ratio. The relationship between the drawbar pull coefficient and the 
slip ratio was extracted from the testing data; the results were further 
used to study the influence of the design of experiment parameters on 
the traction efforts of studied tire on ice. By applying a genetic 
algorithm (GA), the drawbar pull coefficient vs. slip ratio relations 
obtained from the tire-on-ice testing data are then used to 
parameterize a Dugoff model for the 19” all-season tire. This tire has 
been selected since it is the tire selected to be used in the EVE 
projects. The Dugoff model has been selected due to its relatively 
small number of parameters required and due to its suitability for 
real-time simulations. The tire model is intended to be used next for 
real-time tire inflation pressure control, one of the sub-system control 
strategies of the integrated chassis control for ground vehicles with 
off-road ability being developed under the Project EVE.

The paper has the following structure. Section 2 summarizes the key 
aspects of the indoor tire-ice testing at AVDL used to collect tire-ice 
data in this study. Next, observations regarding the testing and the 
presentation of the processed testing data are included in Section 3. 
Analysis of the testing data has been done in Section 4, discussing 
aspects of the effects of the inflation pressure and of the normal load 
on the traction performance of the tire on ice. Section 5 contains the 
description of the Dugoff tire model and its parameterization method. 
The paper ends with conclusions on the work conducted, presented in 
Section 6.
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2. INDOOR TESTING
Indoor testing of a 19’ all-season tire on ice was conducted at AVDL, 
Virginia Tech, in February, 2016. A Design of Experiment (DOE) has 
been prepared as described in the next sub-section. The main 
objective of the testing was to collect drawbar pull coefficient versus 
slip ratio data in order to use it to parameterize the Dugoff tire model.

2.1. Design of Experiment
There were three variables considered in the DOE: the normal load 
applied on the tire, the slip ratio at the tire-ice interface, and the tire 
inflation pressure. The values of the variable used in the DOE are 
presented in Table 1. Three levels were used for the normal load on 
the tire, as well as for the tire inflation pressure. Very small 
increments (1%) were used for the low range of the slip ratio, and 
larger increments later. Although we collected such data for larger 
slip ratio of tires on ice for other projects, the main interest of this 
project was in the lower slip range, so we limited the top slip ratio at 
20%. The toe angle and the camber angle were held at zero 
throughout the testing. The ambient temperature in the room was 
around 10°C. The ice temperature was maintained constant at -10°C.

Table 1. Testing variables used in the Design of Experiment.

To check testing results repeatability and to ensure the use of 
consistent data in the parameterization process, each combination was 
tested for at least 3 runs. An average value among those three runs 
was then used in the parameterization process. Each combination in 
the DOE was maintained for 20 sec. during each run, thus providing 
ample amounts of data points for analysis.

2.2. Testing Setup
The main facility for the testing presented in this study is the 
Terramechanics Rig at AVDL, Virginia Tech. The Terramechanics 
Rig, as shown in Figure 1, was developed to study the performance of 
tires on various surfaces under well controlled conditions [19]. The 
rig has two main sub-assemblies: a powered carriage and an ice 
chamber. The carriage moves at a constant speed of 7 cm/s from one 
end to the other end of the chamber where the ice layer is created. 
The tire, mounted on the carriage, rotates about its hub axis, powered 
by a step motor. The tire lateral position, toe angle, and camber angle 
can be adjusted manually before each test. During each run the tire 
starts its motion from the home position. By controlling the torque 
applied on the wheel, positive and negative slip ratios can be 

achieved in the tire-ice contact patch, simulating traction or braking. 
For each run, the tire moves from the home station of the carriage to 
the front end of the chamber, as seen in Figure 1. While the normal 
load is held at a preset constant value by its controller, four slip 
ratios, each maintained for 20 sec., are achieved in each run along the 
chamber by using a controller to vary the wheel rotational speed.

Figure 1. The Terramechanics Rig at AVDL, Virginia Tech.

The main measurement system for the Terramechanics Rig is a 
KISTLER P650 force hub. The KISTLER P650 force hub is 
equipped with transducers that can measure the instantaneous three 
wheel forces and three wheel moments. The raw data measured is 
recorded by LMS Test Lab for post-processing.

By controlling the rotational speed of wheel hub, ω, the slip ratio of 
the tire is controlled based on the Eq. (1) [20], knowing the 
translational speed of carriage, vcarr, and the effective rolling radius of 
the tire, Reff (obtained beforehand).

(1)

A ladder-value-based software named PicPro is used for programing 
the controller. The normal load is applied on the tire via two air 
springs, and the air flowing through the pneumatic flow control valve 
to the air spring is regulated by changing the control input, the 
voltage to the flow control valve. By increasing the target value of the 
input voltage on the LabVIEW interface, the voltage to the flow 
control valve tracks the target value under the effect of a PID 
controller, which results in a correspondingly higher normal load on 
the tire. When the wheel force in the vertical direction measured by 
the KISTLER P650 system and displayed on the monitor reaches the 
target value of normal load within a very small fluctuation, the input 
voltage no longer needs to be increased, and remains unchanged for 
the coming run of the testing.
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The ice system used is a Custom Ice system. The refrigeration system 
is connected to the ice mat placed in the ice chamber. The ice mat is 
used to keep the water frozen by controlling the temperature of the 
ethylene glycol that circulates in its plastic pipes. Before each test, 
the ice surface is prepared and its coefficient of friction measured to 
ensure repeatability of the testing conditions [10].

2.3. Testing Procedure
After turning on the hardware and the software for the 
Terramechanics Rig, the motor controlling the wheel rotation was 
warmed up by keeping the motor spinning with the tire suspended 
above the ice for about 15 minutes. Next, the transducer installed on 
the KISLER P650 was calibrated. During the calibration process, the 
normal load added on the tire is zero, and the calibration assures that 
the vertical wheel force is around zero (within an acceptable 
tolerance). Please note that the tire is mounted on the Kistler system; 
the test rig doesn’t have a suspension system in order to isolate the 
effect of the tire parameters on the forces and moments developed.

After the calibration, the PicPro program was loaded and the normal 
load exerted on the tire was set. By inputting four ladder values into 
the input box of the ladder diagram, the tire/wheel rotated at four 
rotational speeds for each run; each of these rotational speeds was 
maintained for 20 sec. before moving to the next assigned value. As 
described in Section 2.2, by controlling the wheel rotation speed, the 
slip ratio of tire is controlled. Hence, four slip ratios were tested 
during each run. While the PicPro was being loaded, the normal load 
was increased gradually by raising the target value of input voltage to 
the flow control valve on the LabVIEW user interface by an 
increment of 0.1 V. When the vertical wheel force displayed by the 
KISTLER P650 software package on the monitor reached the 
objective value of the normal load on the tire and it was steady, the 
order in which to start recording the measurement from the 
transducers was sent to the LMS Test Lab, and the LMS Test Lab 
started to record all channels of data collected by the transducer.

3. TESTING RESULTS
The testing results include the visual observations during testing and 
the tire performance data measured off the testing. A zero-phase FIR 
low pass filter was applied to eliminate the noise of the raw data. 
Graphics of longitudinal force versus time, normal force versus time, 
slip ratio versus time, and drawbar pull coefficient versus slip ratio 
were produced from the filtered raw data.

3.1. Observation during Testing
It has been noticed that the tire running on ice left a visible footprint, 
as shown in Figure 2; such a footprint is more visible for the larger 
normal load. Occasionally, at this high load, a cracking sound of the 
ice was also heard. Resurfacing the ice was done regularly, to ensure 
that each test was performed on a similar ice surface.

Figure 2. Footprint left by the tire after one run.

3.2. Data Processing
Test data for the tire force, wheel position, and wheel velocity were 
collected for every run. Since in this phase of the study we are mainly 
concerned with the traction and braking performance of the tire on 
the ice, only the longitudinal force, vertical force, and slip ratio are 
presented in Figure 3, Figure 4, and Figure 5, respectively, for a 
sample run. For the presented sample run, the nominal normal load 
was 6500 N, the tire inflation pressure was 1.5 bar, and the tested slip 
ratios were 4%, 5%, 6% and 7%.

Sensor noise could be reduced, yet is always unavoidable during the 
measurement. To sift out the sensor noise with high frequency, and, in 
the same time to keep the original phase characteristics of the raw 
data, a zero-phase FIR low pass filter in MATLAB was used to 
post-process the raw data. Smooth curves were produced by the 
zero-phase filter, as displayed in Figure 3 and Figure 4, and used to 
calculate the drawbar pull efficiency as discussed in Section 4. Please 
note that, while the normal load was not perfectly maintained at the 
prescribed valued during the run, its variation, as shown in Figure 4, 
is definitely within acceptable limits.

Raw data containing the wheel rotational speed, after being filtered in 
the aforementioned way, were substituted into Eq. (1) to obtain the 
real slip ratio during testing; the results are presented in Figure 5.

Figure 3. Variation of longitudinal force with time for a sample run of testing.
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Figure 4. Variation of vertical force with time for a sample run of testing. .

Figure 5. Variation of longitudinal slip with time for a sample run of testing.

4. EXPERIMENTAL STUDY ANALYSIS
The drawbar pull is defined as the difference between the tractive and 
the resistive force on the tire. By dividing the drawbar pull by the 
normal load applied on the tire at each moment in time, the drawbar 
pull coefficient was obtained. The drawbar pull coefficient derived 
from the data in Figure 4 is plotted in Figure 6. The drawbar pull 
coefficient values for one slip ratio for each run were averaged; thus, 
each slip ratio corresponds to one drawbar pull coefficient for a 
certain combination of tire inflation pressure and tire normal load.

Figure 6. Drawbar pull coefficient evolution in time for a sample run.

The integrated chassis control under development in the Project EVE 
aims to improve the braking performance of vehicles in on- and 
off-road conditions by adjusting the tire inflation pressure and the 
active suspension force [18]. Therefore, the influence of the inflation 

pressure and of the normal load on the drawbar pull coefficient is of 
major concern for this project and are studied in this section. A 
comparison of the drawbar pull coefficient for positive slip ratios and 
for negative slip ratios is also presented in order to illustrate the 
difference of the tire performance on ice in the traction mode versus 
the braking mode.

4.1. Influence of Inflation Pressure
Three levels of inflation pressure, 1.5 bar, 2.5 bar, and 3.5 bar, were 
tested to study how the inflation pressure affects the drawbar pull 
coefficient under two levels of normal load, 5 kN and 6.5 kN, when 
the slip ratio ranged from 0% to 20%.

Figure 7. Variation of the drawbar pull coefficient with slip ratio under three 
different inflation pressures for a normal load of 5 kN.

As shown in Figure 7 and in Figure 8, the peak drawbar pull 
coefficient corresponds to the inflation pressure of 3.5 bar. For the 5 
kN normal load cases, there is a small difference in the peak drawbar 
pull coefficients between the 1.5 bar and the 2.5 bar inflation 
pressure, as shown in Figure 7; the latter has a slightly lower peak for 
the drawbar pull coefficient. However, for the 6.5 kN normal load 
cases, such difference becomes relatively large at around 5% and the 
2.5 bar inflation pressure has a higher peak than for the 1.5 bar case, 
as seen in Figure 8. At slip ratios higher than 10%, the drawbar pull 
coefficient curves overlap pretty much for all levels of inflation 
pressure, staying within 3% apart from each other. Another common 
feature for all levels of inflation pressure is that the peak drawbar pull 
coefficient happens at a small slip ratio, in the range of 3% to 5%.

Figure 8. Variation of the drawbar pull coefficient with slip ratio under three 
different inflation pressures for a normal load of 6.5 kN.
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4.2. Influence of Normal Load
Two levels of normal load, 5 kN and 6.5 kN, were tested for two 
levels of inflation pressure, 1.5 bar and 2.5 bar, while for the inflation 
pressure of 3.5 bar, three levels of normal load, 5 kN, 6.5 kN, and 8 
kN were tested. The slip ratio ranged from 0% to 20%.

There is a clear trend of increasing drawbar pull coefficient values 
with the slip ratio before the peak is reached (stable region), while 
after that, with an increase in the slip ratio, the drawbar pull 
coefficient decreases mildly (unstable region). Except for a few 
isolated points, it can be seen from Figure 9, Figure 10, and Figure 11 
that for all three inflation pressure values, at a certain slip ratio in the 
unstable region, the drawbar pull coefficient increases as the normal 
load decreases. The peak drawbar pull coefficient also increases as 
the normal load decreases.

For both, the 1.5 bar and the 2.5 bar inflation pressure cases, the 
difference in the drawbar pull coefficient in the unstable region at 5 
kN normal load and respectively at 6.5 kN normal load is more 
distinct than that for the 3.5 bar inflation pressure case, as it can be 
seen on Figure 11, the drawbar pull coefficient at 5 kN normal load 
overlaps with that for the 6.5 kN normal load in the unstable region 
more frequently than in the cases shown in Figure 9 and in Figure 10 
for 1.5 bar, and 2.5 bar, respectively.

Figure 9. Variation of the drawbar pull coefficient with slip ratio under two 
normal load conditions for an inflation pressure of 1.5 bar.

Figure 10. Variation of the drawbar pull coefficient with slip ratio under two 
normal load conditions for an inflation pressure of 2.5 bar.

Figure 11. Variation of the drawbar pull coefficient with slip ratio under three 
normal load conditions for an inflation pressure of 3.5 bar.

4.3. Comparison of Positive Slip and Negative Slip
For the level of normal load of 5 kN, both negative and positive slip 
ratios ranging from -20% to 20% were tested at all three levels of 
inflation pressure, 1.5 bar, 2.5 bar and 3.5 bar, and the drawbar pull 
coefficient was plotted against the slip ratio, as displayed in Figure 
12, Figure 13, Figure 14, and Figure 15.

The results presented in these figures indicate that, at both positive 
and negative slip ratios (with an absolute value larger than 4%) the 
absolute value of the drawbar pull coefficient falls in the same range 
of 0.2 to 0.4. For all the inflation pressure cases, overall, the absolute 
value of the drawbar pull coefficient for the negative slip ratio is 
slightly larger than the one for the respective positive slip ratio. The 
absolute value of the peak drawbar pull coefficient for negative slip 
ratios is larger than the one for positive slip ratios in the cases of 1.5 
bar and 2.5 bar pressure, and it is almost the same as for the positive 
slip ratios in the case of the 3.5 bar inflation pressure.

Figure 12. Variation of the drawbar pull coefficient with positive and negative 
slip ratio for a normal load of 5 kN and an inflation pressure of 1.5 bar.
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Figure 13. Variation of the drawbar pull coefficient with positive and negative 
slip ratio for a normal load of 5 kN and an inflation pressure of 2.5 bar.

Figure 14. Variation of the drawbar pull coefficient with positive and negative 
slip ratio for a normal load of 5 kN and an inflation pressure of 3.5 bar.

It could be observed that a sharp peak of drawbar pull coefficient 
exists for positive slip ratios in both cases of 3.5 bar and 2.5 bar 
inflation pressure. By contrast, in the same cases, there is no sharp 
peak for corresponding negative slip ratios. Instead, the drawbar pull 
coefficient fluctuates around a constant value, -0.3, for Figure 12, 
Figure 13, and Figure 14, as the slip ratio increases from 4% to 20%.

Figure 15. Variation of the drawbar pull coefficient with positive and negative 
slip ratio for three inflation pressure conditions under a normal load of 5 kN.

Plotting the three curves of drawbar pull coefficient versus the slip 
ratio in the same figure, it could be found that the 3.5 bar inflation 
pressure has the lowest absolute value of peak drawbar pull 
coefficient at negative slip ratios for all three inflation pressure cases, 
while it has the highest absolute value of the peak drawbar pull 
coefficient at positive slip ratios.

5. PARAMETERIZATION OF DUGOFF TIRE 
MODEL
In addition to providing insight into the correlation between the 
drawbar pull coefficient and the slip ratio under various normal load 
and tire inflation pressure conditions, as described in Section 4, the 
tire performance test data was also used to parameterize the part of 
the Dugoff tire model characterizing the traction/braking behavior of 
the tire on ice. A mathematical description of this model and the 
methodology developed for its parameterization using the tire-on-ice 
experimental data is included in the next sub-sections. Only the part 
of the Dugoff tire model that calculates the longitudinal force under 
pure longitudinal slip conditions has been implemented in this study. 
For completeness, though, the equations for both, the longitudinal 
and the lateral tire dynamics are presented in the next sub-section.

5.1. Dugoff Tire Model
The Dugoff tire model captures, using a relatively simplified 
representation, the tractive and handling tire characteristics [5]. This 
model is valid for pure longitudinal and lateral vehicle motions as 
well as for combined longitudinal and lateral vehicle motion. The 
longitudinal stiffness, Cλ, and the lateral stiffness, Cα, should be 
obtained based on experimental data. Considering an estimated slip 
ratio λ, the longitudinal tire force Fx can be written as:

(2)

Knowing the slip angle α, the lateral force Fy can be derived:

(3)

The empirical function f(z) in Eq. (3) is defined as:

(4)

“z” includes the longitudinal and the lateral stiffness, the vertical tire 
force Fz, and the coefficient of friction μ:

(5)
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Figure 16 presents typical examples of the drawbar pull coefficient 
versus slip ratio curves for Pacejka’s tire model and Dugoff’s tire 
model. It is a challenge, though, to parameterize Dugoff’s tire model 
with the test data that follows a different profile than the one shown 
in Figure 16.

Figure 16. Example of the drawbar pull coefficient versus slip ratio variation 
for Pacejka and Dugoff tire models.

For the purpose of this study, the applicability of Dugoff’s tire 
model for icy roads is investigated in the next sub-section. The case 
with a vertical load Fz of 5 kN and a tire inflation pressure of 1.5 
bar is analyzed.

5.2. Optimization Program for Parameterization
This section introduces the optimization procedure used for the 
parameterization of the Dugoff tire model. A genetic algorithm 
(GA) was used. The GA is an optimization technique based on the 
principles of genetics and natural selection. Under specified rules, a 
population consisting of individuals evolves to a state that 
maximizes fitness. In fact, this process means minimization of a 
cost function. In this procedure, by definition a run implies an entire 
set of iterations, called generations. A common stopping condition 
of GA is when significant improvement in fitness is achieved 
compared to a set of generations.

In addition to the longitudinal stiffness, Cλ, the coefficient of friction, 
μ, is included in the optimization procedure to achieve maximally 
possible precision in curve fitting. To balance the error in the stable 
and unstable regions of the drawbar pull coefficient versus slip ratio 
curve, the points considered are separated into two groups. Therefore, 
the cost function is formulated as follows:

(6)

It can be seen that the optimization procedure is aimed at the 
reduction of the error between measured longitudinal force values 
and longitudinal force values calculated with the model. As an 
example, Figure 17 shows the values of the cost function depending 
on the number of iterations. It can be seen that there is a tendency in 
the reduction of the cost function even in the presence of some higher 
values at some iterations. For each predefined level of wheel slip, 
mean values of the drawbar pull coefficient are selected in Figure 18 
and Figure 19.

Figure 17. Cost function value depending on the number of iterations.

If coefficients w1 and w2 are equal, the values of Cλ and μ obtained 
after the optimization lead to the results illustrated in Figure 18. In 
the unstable region (past 9% slip ratio), the model fits relatively well.

Nevertheless, in this case, the results of the Dugoff’s model in the 
stable region up to about 7% slip ratio don’t match the test data well.

Figure 18. Comparison between the drawbar pull coefficient vs. slip ratio for 
experimental data and for the Dugoff tire model (w1=w2).

Considering w1>w2 this issue can be resolved for the stable region, 
but in the unstable region the error increases, as shown in Figure 19. 
There is a trade-off between the minimization of the error in the 
stable and unstable regions, but the model cannot capture the peak 
point obtained in the experiments.
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Figure 19. Comparison between the drawbar pull coefficient with for 
experimental data and Dugoff tire model (w1>w2).

These results indicate that for tires on ice situations, (under 
conditions similar to those investigated in the laboratory), the original 
Dugoff tire model does not provide an accurate representation of the 
drawbar pull coefficient versus the slip ratio. As a consequence, a 
modification of the tire model is required to improve the curve fitting. 
Some efforts in this direction have already been done [21]; such 
solutions are valid only for specific cases, so far. As part of future 
work for the Project EVE we plan to develop a modified Dugoff tire 
model that will continue to keep a minimal number of empirical 
coefficients but will provide better curve fitting.

6. CONCLUSIONS
The traction/braking performance of tires on ice has been a focus of 
the automotive industry and researchers in the field of vehicle 
dynamics and control for some time, as there is a demand to improve 
vehicle safety on icy roads. The Project EVE aims to develop an 
integrated chassis control system to improve the performance of 
ground vehicle in off- and on-road conditions, including icy roads. 
This paper presents the experiments performed indoor for a 19” 
all-season tire on ice under various combinations of operational 
parameters considered in the Design of Experiment: slip ratio, normal 
load, and inflation pressure. One goal of this study was to investigate 
how these operational parameters influence the traction/braking 
performance of tires on ice. A second goal was to use the tests data to 
parameterize the Dugoff tire model.

The evolution of the drawbar pull coefficient versus the slip ratio, as 
extracted from the tire-ice testing data, demonstrates the influence of 
the normal load and of the inflation pressure on the peak drawbar pull 
coefficient of tire on ice. Some of the main conclusions that can be 
drawn from this part of the study are:

For the slip ratio in a range of 0% to 20% and the same normal load, 
the case of the highest inflation pressure results in the highest peak 
for the drawbar pull coefficient of tire on ice. For the slip ratio 
between 0% to 20% and the same inflation pressure, the case of the 
highest normal load leads to the lowest peak drawbar pull coefficient. 
For the negative slip ratio with its absolute value in a range of 0% to 

20%, the case of highest inflation pressure turns out to have the 
lowest absolute value of peak drawbar pull coefficient among all 
cases for a 5 kN normal load.

When the normal load increases under a constant inflation pressure, 
most of the drawbar pull coefficient versus slip ratio curve is shifted 
to lower values. Under the normal load of 5 kN the part of the 
drawbar pull coefficient versus slip ratio curve for the negative slip 
ratio has the highest absolute value for almost all slip ratios compared 
to the part of the curve for the positive slip ratio.

For the second goal of the study, a parameterization of the Dugoff tire 
model for longitudinal performance (under pure longitudinal slip) has 
been investigated, using the experimental data collected. The 
mathematical description of the model and the proposed 
parametrization methodology based on a genetic algorithm were 
discussed. The scatter plot of drawbar pull coefficient versus slip ratio 
obtained during testing indicates that a sharp peak occurs at low 
values of slip ratio (between 3% and 5%). The influence of the 
weighting coefficients for the stable and the unstable regions of the 
drawbar pull versus slip ratio curve was studied. The conclusion was 
that there is a trade-off between the accuracy of the curve fitting in 
the stable versus the unstable regions. Furthermore, the model could 
not capture the peaks noticed experimentally in the low slip ration 
range. Thus, the results indicate that, for better fitting to experimental 
data, a modification of the Dugoff tire model should be performed. 
Such a model is currently in progress and it will be presented in 
future publications. Furthermore, the parameterization for the tire 
lateral dynamics using the Dugoff tire model will also be pursued as 
future work.
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DEFINITIONS/ABBREVIATIONS
s - Theoretical slip ratio

vcarr - Translation velocity of the carriage (m/s)

Reff - Effective rolling radius of tire (m)

ω - Wheel rotation speed (rad/s)

Fx - Longitudinal tire force (N)

Fy - Lateral tire force (N)

Fz - Vertical force on the tire (N)

Cλ - Longitudinal tire stiffness (N)

Cα - Cornering stiffness of the tire (N/deg)

λ - Longitudinal slip ratio of the tire

α - Side slip angle (deg)

μ - Tire-road friction coefficient

w1 - Weighting coefficients for stable regions of drawbar-pull-
coefficient-slip curve

w2 - Weighting coefficients for unstable regions of drawbar-pull-
coefficient-slip curve

 - Longitudinal force value calculated by Dugoff tire 
model at slip value λi

 - Longitudinal force value measured in tire-ice testing at 
slip value λi

n - Number of points in stable regions of drawbar-pull-coefficient-
slip curve

m - Number of points in unstable regions of drawbar-pull-coefficient-
slip curve
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