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Abstract. The paper deals in detail with the analysis of driving and braking of the Volvo V40 T5 AWD Cross Country 
vehicle in the curve with radius 30, 40 and 50 meters laying emphasis on usable coefficient of adhesion values between 
tyre and road surface in the longitudinal and lateral direction. Individual dynamical driving and braking experiments 
in the curve were carried out using both modes of the Volvo stability system DSTC. We found out the range of values 
of coefficient of adhesion in the longitudinal and lateral direction depending on the vehicle speed and curve radius of 
the road. Experimentally determined values are utilised efficiently for the calculation of limit speed of a modern vehicle 
in the curve or, for instance, at the forensic reconstruction of a road accident.
Keywords: adhesion; vehicle; driving; braking; road surface; tyre; stability system.

Introduction

In today’s production of modern vehicles great emphasis 
is put on the safety and operational efficiency, but also 
on driving comfort. These aspects lead to implemen-
tation of the so-called electronic assistance systems of 
the vehicle, which help the driver to control it. Among 
the supporting systems of the vehicle, as far as safety is 
concerned, among other things, there are also electronic 
stabilization systems of driving dynamics. This paper 
examines in detail the behaviour of the vehicle when 
driving and braking in a curve under the influence of 
electronic stabilization system of the chassis with respect 
to attainable parameters of vehicle driving dynamics.

1. Background

Burg and Moser (2009) present relations of lateral ac-
celeration of the vehicle to speeds at different vehicle 
movement dynamics. There are obvious value ranges 
of lateral acceleration of the vehicle divided into five 
defined dynamic states (movements) of the vehicle. 
Under normal driving conditions utilized lateral accel-
eration ranged within the values of approximately 2 to 
3.1 m/ s2, under fast driving in the range from 3.1 to 
4.4 m/s2, under sporty driving in the range of about 4.0 
to 5.7 m/s2, during a fierce passage in the range from 
5.0 to 5.7 m/s2. The values of lateral acceleration in the 
from 5.8 to 6.4 m/s2 already represent a critical driving 

situation. For example, Zhu and Zhang (2012), devoted 
their time to coefficients of adhesion rate and the radius 
of curve depending on the traffic flow and it’s model-
ling – both analytically and numerically. They presented 
a model describing the movement of vehicles travelling 
on a roadway in a curve. The stability condition was ob-
tained using control theories. For verification, they per-
formed simulations with a good match. Adhesion rates 
were chosen from the values of 0.2, 0.4, 0.6 and 0.8 and 
the curve radius from 30, 60, 90 and 120 m, with the 
total track of 800 m and the simulation was performed 
using 200 vehicles. If the curve radius is constant, the 
safe speed of driving increases the same as the coeffi-
cient of adhesion rate, so that also the flow of vehicles 
is bigger. If the coefficient of adhesion rate is constant, 
the maximum flow of vehicles is higher on roads with 
a larger radius of the curve. Finally, it was determined 
that the amplitude of speed increases with an increase 
in the curve radius and the coefficient of adhesion rate. 
Already the study of Ritchie et al. (1968) found a rela-
tionship between the longitudinal velocity component 
and lateral acceleration when driving in a curve dur-
ing normal driving, which was attended by 50 drivers in 
227 bends. The results showed that the lateral accelera-
tion was an inverse function of the speed in the curve, 
men were driving faster than women and therefore they 
use higher acceleration values. Dell’Acqua (2015) found 
that speed adopted by drivers is not consistent with road 



Transport, 2016, 31(2): 142–146 143

alignment and imposed speed limit. The study of Wese-
meier and Isermann (2009) is dedicated, among other 
things, to measurement of dynamic quantities and ap-
plication on a single-track model when the vehicle pass-
es through the curve. Several examples show possible 
approaches and results, e.g. with a 14 m radius of the 
curve the vehicle reached the speed of about 10 m/s (i.e. 
36 km/h) and the lateral acceleration in the range from 
7.5 to 9 m/s2. When driving slalom, they achieved the 
limit values of lateral acceleration again in the range of 
8–10 m/s2. Heinrichs et al. (2004) investigated the issue 
of sliding friction depending on the initial vehicle speed. 
Measured data showed values of the sliding friction co-
efficient when skidding from the speeds of 20, 40, 60 
and 80 km/h when using three different types of tyres. 
Braking started from the initial speed to the moment the 
wheels got blocked. Blocking of the first wheel occurred 
at a time from 0.34 to 0.46 s. The values of sliding fric-
tion with the wheels blocked decreased with an increas-
ing speed, although the differences at speeds of 60 and 
80 km/h were not statistically significant. With sliding 
friction, the values reached from 0.72 to 0.80 for skid-
ding tracks of 5 m above, with a short skidding track the 
values of sliding friction were higher, reaching the value 
up to 1.0. The paper presents sources, which, in the past, 
confirmed the nonlinear decrease of sliding friction val-
ues with an increasing speed. Commonly used values 
(in the paper) of sliding friction between 0.6 and 0.8 are, 
with respect to sliding friction studies, considered, at the 
initial speed of 20 km/h, as undervalued by 9–21%. At 
higher driving speeds, there has been a generally pos-
sible used value of sliding friction of about 0.74 for the 
combination of all-wheel skidding opposed to previ-
ously published values from 0.55 to 0.70 at speeds over 
50 km/h. Use of the previously accepted values of sliding 
friction would mean finding the initial speed of about 
18% lower. For tyres of the ‘touring’ type the values were 
lower than for the types of ‘economy’ and ‘performance’. 
Measured data from the above-mentioned paper, how-
ever, were obtained only for one Honda Accord vehicle 
made in 1991, without the ABS system and used sets of 
tyres for free. Methodology for detecting lateral forces 
applied on the tyre based on the so-called ‘Kalman filter’ 
was presented by Kim (2009) when parameters of the 
forces and skidding were compared during experiments 
and lateral acceleration of the vehicle reaching values 
from 9 to 10 m/s2.

Rudin-Brown and Noy (2002) concluded that some 
drivers, equipped with a driving stability system, were 
risking more, which they called the behavioural adapta-
tion. They explained that as a result of confidence in 
the stability system, and that was why they were very 
confident. The relation between use of the stabilization 
system and behavioural adaptation has not been exam-
ined well. Finally, it was pointed out that drivers who 
believed that their vehicle was equipped with a stabili-
zation system underwent a greater degree of risk. It was 
most evident among young drivers and men.

2. Experimental Section

Within the scope of foreign internships of two of authors 
of this work, at the Technical University of Graz (Aus-
tria), at the testing DSD (Dr. Steffan Datentechnik, Linz, 
Austria) polygon within the area of the Austrian village 
of Allhaming they measured driving parameters of a 
very modern vehicle Volvo V40 T5 AWD Cross Country 
with an emphasis on detecting vehicle behaviour when 
driving and braking in a curve at faster speeds above 
50 km/h.

2.1. Tested Vehicle
The object used for driving tests or determination of 
parameters of driving dynamics was a modern vehicle 
Volvo V40 T5 AWD Cross Country equipped with chassis 
stability assistance systems (ABS, ASR, DSTC). The test-
ed vehicle was also equipped, among other things, with 
a powerful petrol engine with automatic transmission, 
All-Wheel Drive (AWD), and asymmetric tyres Pirelli 
PZERO 225/45 R18 95W with 8.0 mm tread depth in the 
main grooves on all wheels.

2.2. Measuring Technology/Equipment
For the purpose of determination of parameters of driv-
ing dynamics, the authors used the following measur-
ing devices and equipment borrowed from Institute of 
Forensic Engineering of Brno University of Technology 
and Technical University of Graz (Differential GPS). 

Fig. 1 shows equipment of testing vehicle visible 
from outside:

 – PicDAQ: In particular, the following dynamic pa-
rameters of the vehicle were measured using this 
device: acceleration in three axes (x, y, z); angu-
lar (yaw) velocity in three axes (x, y, z); vehicle 
speed – GPS sensor; and vehicle yaw angle.

 – Differential GPS: System of differential GPS 
ADMA by GeneSys used for measurement allows 
to measure position of the vehicle with accuracy 
of ±1.0 cm.

 – Black Box: It is a system of cameras showing the 
interior and exterior of the vehicle. The cameras 
were placed with the focus on reading the digi-
tal speedometer of the vehicle, space in front of 
the vehicle (located on the windscreen), and the 
third brake light. The last (fourth) camera was 
positioned on the rear bumper of the vehicle in 
order to perform monitoring of the trajectory 
covered by the vehicle – according to marks on 
the roadway (control camera of the distance trav-
elled).

 – Light Gate: Light gate developed by Institute of 
Forensic Engineering of Brno University of Tech-
nology was placed in the beginning of the curve 
and measured the initial speed of testing vehicle 
with accuracy of ±0.5 km/h. The results from 
light gate were verified by differential GPS. 
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2.3. Polygon
All experimental measurements of dynamics parameters 
of the Volvo V40 T5 AWD Cross Country vehicle were 
carried out on a special test area – the polygon of DSD, 
an Austrian company. On the asphalt polygon surface in 
the area with dimensions of 40´93 m, there were three 
painted curves – radius: 30, 40 and 50 m.

A substantial quantity for analysis of the vehicle 
behaviour in the general spatial curve represents the 
coefficient of adhesion between the tyre and the road. 
In order to establish the value of the coefficient of adhe-
sion in the longitudinal direction, the authors carried 
out, on the Volvo V40 T5 AWD Cross Country vehicle 
with the active assistance system DSTC in its normal 
mode, braking tests on the dry surface with the initial 
braking speeds of 50, 60 and 80 km/h. Braking tests of 
the Volvo V40 T5 AWD Cross Country vehicle on the dry 
polygon surface showed an achievable longitudinal vehi-
cle deceleration in a range from 8.3 to 11.6 m/s2, which 
corresponds approximately to the range of values of the 
adhesion coefficient in the longitudinal direction µ from 
0.85 to 1.18 [–]. This range was has been calculated ac-
cording to the formula:

µ = ,a
g

where: a – acceleration of vehicle in longitudinal direc-
tion [m/s2]; g – gravitational acceleration [m/s2].

3. Results 

Within the scope of experimental measurements carried 
out at the polygon of DSD in the area of the Austrian 
village of Allhaming, the authors conducted, in total, 53 
evaluated drives and braking of the vehicle in curves.

The experimental measurements comprised, in to-
tal, 24 drives and braking of the Volvo V40 T5 AWD 
Cross Country vehicle in a curve with a radius of 30 m, 
out of which 14 drives and braking with the DSTC as-
sistance system were performed in the normal mode 
(DSTC ‘N’) while the remaining 10 drives and braking 
were accomplished with the DSTC assistance system in 
the sport mode (DSTC ‘S’). Experimental measurements 
of parameters of the vehicle driving dynamics – driving 
and braking in a curve with the radius of 30 m with 
the DSTC assistance system activated in the normal 
mode – the authors determined the range of values of 
attained lateral acceleration from 2.8 to 10.2 m/s2 when 
driving at speeds of 52–62 km/h and subsequently, as a 
consequence of braking in the curve from the speeds of 
44–59 km/h, the range of values of the longitudinal de-
celeration from 3.5 to 9.6 m/s2. When driving and brak-
ing in the curve with a radius of 30 m with the DSTC as-
sistance system activated in the sport mode, the authors 
determined the range of values of attained lateral accel-
eration from 2.6 to 10.2 m/s2 when driving through the 
curve at speeds of 47–59 km/h and subsequently, due to 
braking in the curve from the speeds of 41–57 km/h, the 
range of the values of the longitudinal deceleration from 
3.9 to 10.3 m/s2. One of the driving tests is shown in 
the chart on Fig. 2. The testing vehicle entered the curve 
with radius of 30 m in speed of 59 km/h and started to 
brake from the speed of 57 km/h. Average values of at-
tained lateral and longitudinal acceleration in course of 
driving and braking in curve were both the same around 
8.5 m/s2.

Furthermore, the authors carried out, in total, 16 
drives and braking of the Volvo V40 T5 AWD Cross 
Country vehicle in a curve with a radius of 40 m, out 
of which 8 runs and braking with the DSTC assistance 
system were performed in the normal mode while the 
remaining 8 runs and braking were accomplished with 
the DSTC assistance system in the sport mode. Experi-
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Fig. 1. External measurement equipment installation on the 
tested vehicle – Volvo V40 T5 AWD Cross Country  

(Panáček 2015)

Fig. 2. Driving and braking of the Volvo V40 T5 AWD Cross Country vehicle in the curve of 30 m radius with the entering speed 
of 59 km/h, and speed at the beginning of braking reaching 57 km/h, DSTC sports mode (Exper. No 25) (Panáček 2015)
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mental measurements of parameters of the vehicle driv-
ing dynamics – driving and braking in a curve with the 
radius of 40 m with the DSTC assistance system acti-
vated in the normal mode – the authors determined the 
range of values of attained lateral acceleration from 3.7 
to 10.1 m/s2 when driving through the curve at speeds 
of 57–72 km/h and subsequently, as a consequence of 
braking in the curve from the speeds of 57–69 km/h, 
they determined the range of the values of the longi-
tudinal deceleration of 4.0 to 10.8 m/s2. When driving 
and braking in the curve with a radius of 40 m with 
the DSTC assistance system activated in the sport mode, 
the authors determined the range of values of attained 
lateral acceleration from 4.8 to 10.0 m/s2 when driving 
through the curve at speeds of 63–70 km/h and subse-
quently, due to braking in the curve from the speeds of 
60–67 km/h, the range of the values of the longitudinal 
deceleration from 6.0 to 10.1 m/s2.

At the end of experimental measurements the au-
thors performed, in total, 13 subsequently evaluated 
drives and braking of the Volvo V40 T5 AWD Cross 
Country vehicle in a curve with a radius of 50 m, out 
of which 7 runs and braking with the DSTC assistance 
system were performed in the normal mode while the 
remaining 6 runs and braking were accomplished with 
the DSTC assistance system in the sport mode. Experi-
mental measurements of parameters of the vehicle driv-
ing dynamics – driving and braking in a curve with the 
radius of 50 m with the DSTC assistance system acti-
vated in the normal mode – the authors determined the 
range of values of attained lateral acceleration from 5.0 
to 10.4 m/s2 when driving through the curve at speeds of 
71–81 km/h and subsequently, as a consequence of brak-
ing in the curve from the speeds of 68–74 km/h, they 
determined the range of the values of the longitudinal 
deceleration from 4.7 to 9.8 m/s2. In case of radius of 50 
m with the DSTC system in the sport mode, the authors 
determined the range of values of attained lateral accel-
eration from 5.5 to 9.8 m/s2 when driving through the 
curve at speeds of 72–75 km/h and subsequently, due 

to braking in the curve from the speeds of 66–72 km/h, 
the range of the values of the longitudinal deceleration 
from 3.5 to 9.9 m/s2.

4. Interpretation of Results and Discussion

As regards the measured parameters of vehicle driv-
ing dynamics, Fig. 3 shows the plotted range of mini-
mum and maximum lateral acceleration of the vehicle 
equipped with the DSTC assistance system depending 
on the speed. The space between the red and blue lines 
in the chart (Fig.  3) shows the achievable lateral ac-
celeration values depending on the speed of a vehicle 
equipped with the DSTC assistance systems.

The completed experiments showed that a modern 
vehicle equipped with a stabilization system, AWD and 
good quality tyres could move, in the defined curves, 
with a relatively high value of the utilized coefficient of 
adhesion in the lateral direction. The vehicle equipped 
with a stabilization system can use the adhesion coef-
ficient in the lateral direction considerably more than a 
vehicle without a stabilization system. Based on results 
of the experiments, the detected values of lateral acceler-
ation of the vehicle with a stabilization system were used 
for the purpose of drafting Table, which according to the 
style of driving in relation of vehicle’s limit speed in the 
specific curve assessed by the crew and also by an exter-
nal observer, defines usable adhesion coefficient in the 
lateral direction. Ranges of adhesion coefficient for ride 
style description were calculated from the vehicle speed 
in the curve and corresponding curve radius and safety 
boundary corresponds to the limit speed in the curve. 

The analysed driving experiments carried out at the 
DSD polygon also show that, in all experimental meas-
urements of parameters of driving dynamics, yaw rate 
values of the Volvo V40 T5 AWD Cross Country vehicle 
equipped with the DSTC stabilization system ranged 
from 0.4 to 0.6 rad/s. It is therefore obvious that the 
vehicle stability system ensured that during the driving 
experiments the vehicle did not get into the yaw rate 
values higher than 0.6 rad/s.

Fig. 3. Achievable lateral acceleration values depending on the speed of a Volvo V40 T5 AWD Cross Country vehicle equipped 
with the driving stability control system on dry asphalt surface (Panáček 2015)
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Table. The available values of the adhesion coefficient in the 
lateral direction according to driving style of the Volvo V40 
T5 AWD Cross Country vehicle equipped with the driving 

dynamics stabilization system (Panáček 2015)

Style of driving Coefficient of adhesion  
in the lateral direction

Fast drive from 0.50 to 0.60
Sporty ride from 0.70 to 0.80
Critical ride from 0.85 to 0.95
Safety boundary 1.0

Based on measurements several simulations with 
the help of simulating software for traffic accident re-
construction (PC-CRASH and Virtual CRASH) were 
made and the parameters of electronic stability model 
have been gained. Based on driving tests and linear used 
tyre model it is advised to consider yaw rate threshold 
values from 0.4 to 0.5 rad/s, cycle time of 0.01 s and effi-
ciency factor between 15 and 20 % for settings in Virtual 
CRASH version 3.0 and yaw rate threshold value around 
0.1 rad/s, cycle time of 0.01 s and control factor 1.0 for 
settings in PC-CRASH version 9.1.

Based on measurements carried out during the 
longitudinal deceleration of the vehicle in the course 
of braking in individual curves, it is clear that the us-
able values of the maximal longitudinal deceleration 
achieved while braking in a curve approximately cor-
respond to the values of maximal lateral acceleration 
attainment in the given curve; the adhesive ellipse sub-
stantially becomes the circle of adhesion. The experi-
mental measurements revealed that the maximal usable 
adhesion coefficient in the lateral direction for modern 
vehicle with stability system is getting very close to the 
maximal coefficient of adhesion in the longitudinal di-
rection.
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