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The most important mechanical factors in an impact scenario of a vehicle into a concrete safety 

barrier are vehicle speed, the impact angle, the static stability factor of the vehicle as well as the concrete 

safety barrier design and conditions. Concrete safety barriers (CSBs) are primarily designed to minimize 

vehicle damage by allowing a vehicle to be lifted when riding up on the lower slope and then redirected 

back onto the road. In some cases, though, the vehicle-CSB contact might end with a rollover, often with 

fatal consequences. To reduce the rollover risk, different concrete barrier shapes were designed in the past, 

while omitting the importance of the friction coefficient between the tyre and barrier. Therefore, the aim of 

this paper is to research and emphasize the importance of the friction coefficient between vehicle tyres and 

a CSB in rollover accidents. For that purpose, a series of Finite Element analyses were performed using 

different values of the friction coefficient between vehicle tyres and a CSB. Experimental measurements of 

the coefficient of friction between the rubber and CSB blocks of different surface were additionally 

performed in dry and wet conditions in order to examine the real onsite friction characteristics. The results 

show that the coefficient of friction can have a crucial impact in vehicle rollover scenarios and should 

therefore be kept as low as possible by the CBS manufacturers and maintainers. 
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Highlights: 

 Vehicle-Concrete Safety Barrier (CSB) crash analyses were performed using Finite Element models. 

 Rubber-CSB coefficient of friction was experimentally measured for aged and new blocks. 

 Vehicle tyres-CSB coefficient of friction has a significant impact on a vehicle rollover. 

 Vehicles with higher centre of gravity are prone to rollover upon collision with common CSBs. 

 
0 INTRODUCTION 

 

According to the World Health 

Organization (WHO), over 3,400 people die on the 

world's roads every day and tens of millions of 

people are injured or disabled every year, 90 % of 

which belong to low income countries [1]. In the 

European (EU) countries, the number of road 

deaths (55,000) has been reduced by 43 % between 

2001 and 2010 and additionally reduced by 17 % 

until 2015 [2]. After two years of stagnation, the 

number of deaths was reduced again in 2016 by 

2 %. Although the European roads are the safest in 

the world [2], a lot more has to be done to achieve 

the "vision zero" in road fatalities. 

One aspect of traffic safety assurance is 

separating the vehicles driving in opposite 

directions by means of traffic barriers providing 

physical lane separation. An ideal traffic barrier 

would redirect a vehicle back into its traffic lane 

safely enough to allow the driver to take control of 

the steering, avoiding secondary accidents. 

According to Gabler and Gabauer [3], in vehicle-

to-traffic barrier crashes, more than 25 % of all 

fatalities involve a rollover. Therefore, it is very 

important to reduce the rollover risk during vehicle 

collisions with safety barriers.  

Concrete safety barriers (CSBs) have 

greatly increased the traffic safety since their first 

usage in New Jersey, U.S., in 1955 [4]. In Europe, 

they first appeared in Belgium and France in the 

1970s as a replacement for the guardrail steel 

structures [4]. They have long lifetime and require 

almost no maintenance while offering a relatively 

high degree of safety. CSBs are designed as 

median barriers to prevent vehicles crossing into 

the opposite traffic lanes or as roadside barriers to 

protect the traffic from roadside obstacles. They 

are used on major city roads, ring roads, and 

limited-width highways to reduce the 

consequences passengers suffer in the event of an 

accident [5]. These roads are characterised as high-
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traffic roads, and it is therefore important to ensure 

fluent and safe traffic while minimising the traffic 

congestion. In Slovenia as well as in other EU 

countries, the existing steel safety barriers are 

often replaced with CSBs due to the limited space 

available for widening [6]. In some specific 

situations, the CSBs in combination with other 

factors such as vehicle type, road and tyre 

conditions, vehicle speed, impact angle and driver 

reaction can cause a vehicle rollover, which may 

have fatal consequences to the vehicle occupants 

[7]. For that purpose, considerable research effort 

has been devoted to improving and optimising the 

profile of concrete traffic barriers [8, 9, 10, 11]. 

McDevit [8] designed the so-called F-shape 

concrete barrier in order to improve the safety 

characteristics of the New Jersey barriers. The 

need to have a more consistent performance than 

that of a vertical face concrete wall led to the 

development of constant slope barriers [8]. 

Albuquerque and Sicking [12] evaluated the in-

service safety performance of safety shaped (New 

Jersey and F-shaped) and vertical concrete barriers 

based on rollover propensity and occupant injury 

severity. It was surprisingly pointed out that 

vertical concrete barriers are actually safer than 

shaped barriers. In addition to the profile shape of 

a CSB, the coefficient of friction between vehicle 

tyres and a CSB also has an important role in the 

effective vehicle redirection without causing a 

rollover crash [13]. However, its influence has not 

yet been thoroughly examined. Most of the papers 

do not even mention the used value in their 

simulation studies [11, 14, 15], or they simply use 

constant values [16, 17, 18, 19]. The publicly 

available experimental data obtained from full-

scale crash testing focusing on a vehicle rollover 

on a CSB is very limited in quantity and quality 

and mainly consists of video recordings of 

experiments without any documented parameter 

values. 

In Europe, CSBs are produced and tested 

according to EN 1317 [20, 21], while the concrete 

mixture is specified by EN 206-1 and EN 13369. 

However, the above-mentioned standards do not 

specify the surface roughness or acceptable value 

of the friction coefficient between the concrete 

barrier surface and the vehicle tyre. One possible 

means of reducing the friction coefficient is by 

using low-friction coatings for concrete [22, 23, 

24]. Although these low-friction coatings are 

becoming popular, their wider application is 

limited due to the chemical and impact non-

resistance, environmental impact, and their price. 

Preliminary data analyses was performed 

for rollover traffic accidents, which occurred in 

Ljubljana’s ring road between 1 January 2000 and 

31 December 2015. The data implied a 3 times 

higher number of vehicle rollovers per kilometre 

for the northern part of the ring road where median 

CSBs were installed as compared to the rest of the 

ring road where steel safety barriers were installed. 

Although the types of rollover causation in the 

database were not categorized well enough to 

allow exclusion of other factors such as road slopes 

on the sides of the northern part of the ring road, 

differences in the speed limit, etc., we believe that 

a significant share of the recorded rollover 

accidents was caused by CSBs. 

The over-involvement of larger vehicles in 

a rollover, such as SUVs, pickups, and minivan 

vehicles in fatal crashes, has been well 

documented in the U.S. in the past studies [9, 25]. 

The share of these vehicles in day-to-day traffic in 

Europe was negligible until recently. However, the 

vehicle market share presented in Fig. 1 clearly 

shows that this group of vehicles recorded a nearly 

550 % growth in 2015 as compared to 2001 [25]. 

Their percentage in traffic accidents is expected to 

increase, also increasing the percentage of rollover 

accidents. It is thus important to take measures that 

will prevent the increase in the number of fatalities 

[26]. 

 
Fig. 1. Vehicle market share according to ICCT [25] 

 
The Finite Element Method has 

consistently proved to be a very suitable tool for 

numerical simulation of a wide range of real-life 

processes. It simplifies and reduces the cost of 

examination and product development by allowing 

precise description of the materials behaviour and 
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the detailed geometry to be incorporated in 

simulating the reality of the physical process. This 

study examines the influence of the coefficient of 

friction between vehicle tyres and the surface of a 

CSB on the vehicle response after the vehicle-CSB 

crash scenario. For that purpose, three different 

finite element vehicle models of Chevrolet C 1500, 

Suzuki Swift, and Chevrolet Silverado 1500 were 

used in a numerical crash scenario simulating an 

impact test with initial conditions taken from the 

TB11 test case, according to EN 1317-5 [21]. The 

simulations were performed using the actual 

measured values of the coefficient of friction 

between a rubber material and new and aged CSB 

blocks in dry and wet conditions. 

 

1 METHODS 
 

1.1 Numerical FE vehicle models 
All three vehicles (Fig. 3) used in the 

numerical examination of this study are publicly 

available and were successfully validated by the 

National Crash Analyses Center (NCAC) [27]. For 

a more detailed description of the FE vehicle 

models, an interested reader is referred to the 

validation reports given in references [28, 31, 32] 

for Chevrolet C-1500, [29] for Suzuki Swift and 

[30] for the Chevrolet Silverado 1500. After the 

introduction of the FE vehicle models, they were 

successfully used in different crash analysis 

studies. Yin [11] used the Silverado 1500 model to 

optimise the MASH TL-3 concrete barrier, and 

Kunc at al. [33, 34] used the Suzuki swift model to 

compare different protective structures in tunnel 

emergency-stop-area-walls [33, 34, 35, 36]. FE 

vehicle models are also used in a variety of 

different applications and purposes [14, 36, 37, 38, 

39, 40, 4142]. The FE vehicle models used in this 

study have only limited capabilities in terms of 

recreating realistic strain-stress response of the 

wheel suspension elements. The fracture 

prediction of particular parts due to this is thus not 

taken into account. Even if the detachment of the 

suspension components does occur, the forces 

causing it can still cause a rollover before they 

reach the magnitudes causing the links between 

suspension components to fail. It is thus assumed 

that this has little influence on the simulation 

results as far as a vehicle rollover is concerned. 

In all the numerical simulations in this 

study, the vehicles were initially placed at an 

impact angle of 20° (Fig. 2) in front of the CSB, 

hitting it with an initial velocity of 100 km/h. 

These initial parameters correspond with the TB11 

test requirements as described in EN 1317-2 [20]. 

The friction coefficients between the body pairs 

involved in contacts used in the simulations are 

presented in Table 1. The values used are those 

that, according to measurements (section 2.1), can 

be realistically expected on manufactured CSBs 

(from 1.0 down to 0.6) and those that are 

significantly lower but can be achieved and 

sustained by special treatment [23, 24] of the 

surface (0.6 down to 0.4). The coefficients of 

friction lower than 0.4 are unlikely to be 

encountered on installed CSBs and were thus not 

included in the research. 

 

Table 1. Summary of the coefficients of friction used in 
the numerical models 

 Friction coefficient 
Contact 

static 
µ 

dynami
c 

µD 

Vehicle tyres – CSB 

0.4 
0.6 
0.8 
1.0 

0.3 
0.5 
0.7 
0.9 

Vehicle tyres – road surface 0.8 0.7 

Vehicle body – CSB 0.3 0.2 

Vehicle body – road surface 0.3 0.2 

 

Mass and geometry characteristics of the 

FE models are summarised in Table 2. The Static 

Stability Factor (SSF) and static rollover angle α 

given in Table 2 are calculated using Eq. (1): 

 

 𝑆𝑆𝐹 = tan 𝛼 =
𝑇

2ℎ
, (1) 

 

where T is the vehicle track width and h is the 

height of the vehicle centre of mass as per Fig. 3. 

As can be seen from Table 2, the values of SSF 

vary between 1.207 for Chevrolet Silverado and 

1.305 for Suzuki Swift. 
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Fig. 2. Initial placement of FE vehicle models before impact (Chevrolet C 1500) 

 

 
Fig. 3. FE vehicle models 

 
Table 2. Summary of the coefficients of friction used in the numerical models 

 Characteristic 
Vehicle 

Mass 
[kg] 

Track width (T) 
[m] 

Centre of 
mass height 

(h) 
[m] 

Static stability 
factor (SSF) 

[/] 

Static rollover 
angle (α) 

[°] 

Chevrolet C 1500 2013 1.65 0.664 1.242 51.16 
Suzuki Swift 894 1.33 0.510 1.305 52.53 
Chevrolet Silverado 
1500 

2622 1.76 0.731 1.207 50.35 

 

 

1.2. Median barrier anchored 
For the purpose of this study, the FE-model 

of the F-shape CSB profile according to EN 1317-

5 [21] also available by the National Crash 

Analyses Center (NCAC) [27] was used. A straight 

barrier section of 55 m was built using 18 blocks 

(Fig. 4) joined together by pinning the embedded 

loops from two adjacent blocks.

A typical mass of a 3 m long F-shape profile 

shown in Fig. 4 is 2000 kg. Although this barrier 

FE-model allows dynamic deflection during 

vehicle impact, for the purpose of this study it was 

fixed to the ground. The finite element mesh size 

of the blocks that are in contact with the vehicle 

was reduced to 15 mm on the side of the element. 
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Fig. 4. FE vehicle models 

 

2 EXPERIMENTAL 
 

2.1. Assessment of actual coefficients of friction 
between tyre and concrete barrier 

The processes taking place during the phase 

of the impact between a rubber vehicle tyre and the 

surface of a concrete barrier involve several 

relevant physical phenomena [43, 44]. The authors 

of [45] classify these phenomena into three classes 

regarding the mechanism of dissipation of energy: 

deformation of the bulk of the rubber due to the 

substrate asperities, very large viscoelastic 

deformations close to the opening crack tips that 

may occur resulting in locally very large energy 

dissipation, and the energy dissipation from 

shearing a thin contamination film on the rubber 

surface and/or on the substrate surface. If such a 

film is not present, direct bonding between the 

rubber molecules and the substrate, followed by 

viscoelastic deformation and bond breaking, also 

contributes to energy dissipation and sliding 

friction. The authors of the same paper further 

present the experimental data which show that the 

combined coefficient of friction due to the 

described phenomena increases with the relative 

velocity of the contact surfaces, reaching values 

close to µ = 1 at velocities in the 100 to 101 m/s 

range. 

To assess the sliding friction coefficient on 

real concrete barriers, a set of sample tests were 

performed using a device measuring the pulling 

force Ft versus the device weight G during sliding 

from still-stand (Fig. 5). Since all barrier faces of a 

specific CSB have similar surface quality, the 

measurements were performed on the top face of 

the barriers, assuming that the results apply to the 

entire CSB surface. 

The tests were conducted on several 

concrete barrier blocks with two different types of 

surface, each in dry and wet conditions. The first 

type of surface was the rough concrete surface of 

an aged block (Fig. 6a), while the second type of 

surface was the smooth surface of a new out-of-

mould block (Fig. 6b). The sliding velocities 

during the tests were in the 10-1 m/s range. 

 

 
Fig. 5. Schematics of the friction measuring device 

 

 
Fig. 6. Measured concrete barrier surfaces: a) rough 
surface of an aged block in dry condition, b) smooth 

surface of a new block in wet condition 
 

3 RESULTS 
 

3.1. Pickup Chevrolet C 1500 
Fig. 7 visually shows the simulation results 

obtained using different coefficients of friction 

between the vehicle tyres and the CSB. As the 

coefficient of friction increases, the tyre-concrete 

grip also increases. 
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Fig. 7. Pickup Chevrolet C 1500 – CSB contact. Front view. 

Consequently, the vehicle front-end is 

raised higher along the side of the CSB (Fig. 7). 

Additionally, the tyre-CSB coefficient of friction 

is also important in the second stage of the vehicle-

CSB contact at which the rear tyre comes into 

contact with the CSB (Fig. 7, time 0.25 s). 

Depending on the friction coefficient value, the 

contact could induce or prevent a vehicle rollover. 

The simulation results show that in the case of low 

tyre-CSB coefficient of friction (µ = 0.4), the 

Chevrolet C 1500 is successfully redirected into its 

driving lane without a rollover, while in all other 

cases a vehicle rollover occurs. Fig. 8 shows the 

top view of the simulation results of the vehicle 

CSB impact at different simulation time frames 

and different coefficient of friction values. 

The roll angles presented in Fig. 8 were 

extracted selecting two nodes of the vehicle 

initially placed at the vertical passing through the 

vehicle mass centre. From this figure it is also 

obvious that a vehicle rollover occurs in all cases 

except in the one with the lowest value of the 

friction coefficient (µ = 0.4). The roll angles for 

µ = 0.6, µ = 0.8 and µ = 1.0 greatly exceed the 

static rollover angle given in Table 2. 

 

 
Fig. 8. Roll angle results comparison – Pickup 

Chevrolet C 1500 
 

 

3.2. Suzuki Swift 
Fig. 9 visually presents the simulation 

results obtained using different coefficients of 

friction between the vehicle tyres and the CSB. In 

this case, no visible vehicle lifting can be noticed.  
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Fig. 9. Suzuki Swift – CSB contact. Front view. 

 

Fig. 10 presents the roll angles for all cases 

of the friction coefficient. Although higher roll 

angle values can be noticed corresponding to 

higher coefficients of friction, in all the cases the 

Suzuki Swift vehicle is successfully redirected into 

its lane without a rollover. The maximal values of 

the roll angels are significantly below the static roll 

angle value for the Suzuki Swift vehicle presented 

in Table 2. 

 
Fig. 10. Roll angle results comparison – Suzuki Swift 

 

3.3. Pickup Chevrolet Silverado 1500 

Fig. 11 shows the simulation results 

obtained using different coefficients of friction 

between the vehicle tyres and the CSB. As can be 

seen in Fig. 11, at time = 0.15 s the tyre-concrete 

grip increases for higher values of the coefficient 

of friction, and consequently the vehicle's front is 

raised higher. Similarly to the Pickup Chevrolet C 

1500 vehicle, the tyre-CSB coefficient of friction 

is also important in the second stage of the vehicle-

CSB contact at which the rear tyre comes into 

contact with the CSB. Depending on the friction 

coefficient value, it could contribute to the vehicle 

rollover. In order to reduce the calculation time, 

different simulation termination times were 

defined for this model ensuring that the vehicle 

redirection or rollover was completely covered. 

Unlike the C 1500 model, the Silverado 1500 

vehicle was successfully redirected into its lane for 

the lower values of the tyre-CSB coefficient of 

friction (µ = 0.4 and µ = 0.6).At µ = 0.8, the 

vehicle rotated mainly around its yaw axis without 

rolling over (Fig. 11, Time = 1.20 s). At µ = 1.0, a 

vehicle rollover occurs (Fig. 11, Time = 1.40 s). 

Fig. 12 presents the roll angles for all cases 

of the coefficient of friction for the Chevrolet 
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Silverado vehicle. It can be noticed that the roll 

angles in all cases are well below the static rollover 

angle presented in Table 2, except in the case of 

µ = 1.0 at which the roll angle increases 

significantly over the value of the static rollover 

angle causing the vehicle to roll over. 

 
Fig. 11. Pickup Chevrolet Silverado 1500 – CSB contact. Front view. 

 

 
Fig. 12. Roll angle results comparison – Pickup 

Chevrolet Silverado 1500 
 

3.4. Coefficients of friction between tyre and 
concrete barriers 

The results of the measurements are 

summarized in Fig. 13. The test measurements on 

the smooth surface of the new out-of-the-mould 

block show that mean values of the coefficient of 

the sliding friction on its surface range from 0.69 

in dry conditions to 0.70 in wet conditions. The 

average maximum values for the coefficient of the 

static friction on the surface of this block range 

from 0.75 in wet conditions to 0.76 in dry 

conditions. The test measurements on the rough 

surface of the aged block show that the mean 

values of coefficient of the sliding friction on its 

surface range from 0.75 in wet conditions to 0.80 

in dry conditions. The average maximum values 

for the coefficient of the static friction on the 

surface of this block range from 0.89 in wet 

conditions to 0.95 in dry conditions. 

The friction coefficients have been 

measured on installed new and old concrete safety 

barrier blocks. The new and the old blocks have 

been exposed to dust and debris. The particles 

thereof were found to reduce the friction on the dry 

blocks to some extent, especially on the new 

blocks. These particles were washed away when a 

layer of water was applied to the block surface, 

causing the friction to increase slightly. By doing 

so, we intended to simulate the natural way of 

changing the conditions on the block surface, 

where the dust and debris deposit is periodically 

washed away with water by rain or by cleaning. 
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Fig. 13. Measurement results on test surfaces 

 

The results are summarized in Table 3. The 

coefficients of friction have been measured with 

low contact surface relative velocities, meaning 

that the energy dissipation due to opening crack 

tips and due to direct bonding between the rubber 

molecules and the substrate [45] did not occur at 

all. Considering this, the expected real values of 

friction coefficients on the contact between the 

barrier and the vehicle tyre on impact are higher 

than the measured values and can easily exceed the 

values found to cause a vehicle rollover. 

 

Table 3. Measured friction coefficient values 

CSB surface description 
avg 

avg µ 
avg 

max µ 

smooth surface, new block, dry 0.69 0.76 

smooth surface, new block, wet 0.70 0.75 

rough surface, aged block 1, dry 0.77 0.87 

rough surface, aged block 1, wet 0.76 0.89 

rough surface, aged block 2, dry 0.80 0.95 

rough surface, aged block 2, wet 0.84 0.93 

 

4 CONCLUSIONS 
 

The influence of the coefficient of friction 

between vehicle tyres and a concrete safety barrier 

(CSB) on a vehicle rollover was studied in detail. 

Additionally, the rubber-CSB coefficient of 

friction was experimentally determined for aged 

and new CSB blocks under wet and dry conditions. 

The results showed that the values of the 

coefficient of friction can be high enough to cause 

a vehicle rollover. This is especially true for large 

vehicles with a higher center of mass, such as 

pickups, SUVs and minivans, which are becoming 

increasingly more frequent on the European roads. 

Apart from the geometry optimization of the CSB 

profile, it is very important to reduce the 

coefficient of friction between the surface of a 

CSB and the vehicle tyre rubber compound in 

order to reduce the rollover risk in case of a 

vehicle-CSB contact. To achieve this, different 

strategies such as reducing the friction coefficient 

by determining the surface roughness of CSBs or 

development and application of low friction 

coatings should be applied in order to reduce the 

rollover risk for vehicles from this group. 
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