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Abstract

The paper presents an analysis of road barrier performance due to variable friction between tires and
the ground under different weather conditions. Analyses are based on the TB42 and TB51 test,
wherein a vehicle impacts a KTC 033 and KTC 015 steel barrier. A full-scale experiment using a
Renault Midlum truck and a SETRA S215L bus was conducted according to the EN 1317 regulation
in order to validate a numerical model. A series of numerical tests were conducted in order to
investigate the influence of the friction coefficient (uw = 0-1.1) on the normative test results. We
proved that in TB 42 test on a very slippery road, the working width Wy is equal to 1.6 m, while for a
test conducted in good weather conditions (i.e. a dry and clean road) it is only 0.9 m. Thus, it can be
stated that the EN 1317 norm may not provide sufficient information about road barrier safety. The
behaviour of a barrier cannot be easily anticipated during impact in poor weather conditions, when
surface-wheel contact is insufficient.
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1. INTRODUCTION

Road safety is a very important issue in which a very important role is played by road barriers
[1, 2]; these are usually placed wherever there is a danger of vehicle falling from a height or
to minimize the risk of vehicle collision with other road users or roadside obstacles. After
impact, a barrier should redirect the vehicle away from other traffic within a narrow angle,
thus causing it to move along the protector without turning over. Achieving all these goals is
difficult if — besides the effectiveness of barrier protection — aesthetic appearance, regional
development, environmental effects and most importantly, investment cost is considered [3].
Therefore, the structure of vehicles, in particular suspension, is also very important in order to
provide occupant protection in the event of a crash into a barrier. A number of factors define
crashworthiness and therefore developing a methodology which can assess barrier safety is a
complex issue [4, 5]. European Normative EN1317 [6, 7], US test protocol MASH [8] or
Australian/New Zealand Standard AS/NZS 3845.1-2015 [9] are standards which define
assessment parameters and test procedures. Moreover, numerous papers have investigated the
problem of friction during a crash. It has been proven in [10] that the friction coefficient,
especially in winter, may vary significantly, and this may change the sequence of events
during an accident. In [11] research on frontal crash severity in different road environments is
presented; it was shown by a case study that increasing surface friction causes a significant
increase in crash severity for single vehicle crashes. The effect of friction on the rate of
crashes in both wet and dry conditions is evaluated in [12]; the authors suggest friction
thresholds for different road classes, which should result in a reduction in the crash rate. Some
papers deal with the influence of horizontal curves on the occurrence of crashes [13, 14]. The
authors agree that crash statistics show that crashes are most likely to occur at bends in the
road and that these collisions usually involve at least some level of injury. Lateral friction
measurement or even high-friction surface treatment is suggested. In [15] a low-profile
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portable concrete barrier system is presented for use in roadside work zone environments. The
authors developed an advanced model of friction and claim that this is critical for redirecting
vehicles in an impact simulation. Some authors have also considered the problem of friction
between barrier and vehicle [16]. This problem is crucial for situations when tires interact
with the structure of a safety system, though, it is less important when a steel barrier is used.
In such cases, the vehicle body impacts the barrier guardrail when the friction coefficient is
relatively small and cannot vary much depending on the weather. Summarising, many
researchers agree that the adhesion of vehicles’ wheels to the road surface has a direct impact
not only on the barrier impact phenomenon but also on the further trajectory of vehicles. A
vehicle usually skids after a crash, which causes sliding friction that acts with a relatively high
force in opposition to the direction of movement. Unfortunately, a general solution for the
improvement of safety has not been suggested. The most common EN 1317 standard
describes in detail the criteria of impact tests and the requirements of systems that limit the
road area; however, the deterioration of the protection ability of road barriers due to varying
friction in different weather conditions has not been considered. Therefore, the purpose of the
paper is to verify the influence of different friction coefficients based on an impact between a
truck and a side barrier according to the EN 1317 standard.

2. PROBLEM SOLUTION

Safety barriers in Europe have to fulfil the EN 1317 standard in terms of their functional
characteristics, such as a restraint level, working width and collision intensity level. The
collision intensity level reflects the impact of the collision on the occupants of the vehicle;
however, it is not required for trucks. The working width (Wy) of a barrier is the distance
between the side of the guardrail facing the traffic and the maximum lateral position of any
major part of the system during vehicle impact. Dynamic deflection (D) is the maximum
lateral displacement of the traffic face of the restraint system during the impact. Based on
these parameters, a restraint level (T — temporary, N — normal, H — high, H4 — very high) may
be determined, using appropriate crash test results. Another parameter, VCDI, is the
deformation index of the vehicle compartment; it describes the location and extent of damage
to the vehicle cab. It depends on the particular design of a vehicle and may differ from test to
test for the same barrier type. Obviously, other parameters are also measured during onsite
tests, which help to assess barrier functionality. In this paper, working width and dynamic
deflection are considered, as it is believed that they universally represent safety during a
crash.

EN 1317 takes into account neither friction coefficient nor road surface. However, in the
literature [10, 17-19] it has been proven that in different weather conditions this coefficient
may vary from 0.05-1.2. Therefore, though a barrier may undergo a normative test
successfully, it may not provide sufficient protection for road users.

Two types of high-containment barrier systems were tested: H2 level KTC 033 [20] and
H1 level KTC 015 [21], impacted with a truck and a bus respectively. A series of tests was
conducted in order to investigate the problem. Computer simulation was chosen as the most
effective way of solving the problem. Numerical calculations were performed using the LS-
DYNA [22] non-linear finite element code, a commonly-used tool for solving problems
associated with crashes and impacts [23-25]. An explicit integration scheme was used to solve
the equation of motion.

2.1 Numerical model

Two numerical models were built to simulate the TB42 and TB51 normative tests. The first
model represents a KTC 033 64 m-long commercially-available barrier, comprising ninety
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thousand shell elements with five integration points per thickness. The distance between posts
is 2 m and the height of the barrier is 0.78 m. Both posts and guardrail are made of steel,
whose yield stress is 340 MPa and plastic strain to failure 0.6. Key elements of this model are
the screw connections as they determine the behaviour of the barrier. Therefore, proper
description of their stiffness and destruction process is crucial. The screw connections are
relatively small in comparison to other components of the model. Precise modelling using
shell and brick elements would increase the computational time drastically. Thus, a simplified
method was used wherein the whole connection was modelled utilizing a beam element with
precisely-defined characteristics that were determined for elements damaged during a crash.
The tensile strength of connection between posts and guardrail was 31 kN and guardrail
components was 54 kN. The truck model was compatible with the EN 1317 standard [7]. The
model included friction between the vehicle, barrier, wheels and the ground. The vehicle —
barrier kinematic friction coefficient was uy, = 0.05 and the wheel — road coefficient was s,
with a range of 0-1.1. The total mass of the truck was significant (10 tons), thus the model
included gravity. The model before impact is presented in Fig. 1.

The second model represents the KTC 015 barrier and a 12.5 ton bus. The numerical
model description is presented in [26].

a)

Figure 1: Numerical models: a) KTC 033 side barrier and truck, b) KTC 015 side barrier and bus.
2.2 Experimental procedure

The TB42 experimental test was conducted on site with a Renault Midlum vehicle. The mass
of the truck was not high enough according to [4]; therefore, additional ballast (4.36 tons) was
fixed on the platform floor. KTC 033 barrier posts were rammed into loose ground to a depth
of 0.9 m. The vehicle hit the barrier between post 7 and 8 at a speed of 71 km/h and an angle
of 14.40°; it was in contact with the barrier for a distance of 22.8 m. Posts 9-12 and 14-17
were detached from the beam and bent to the ground. Post 13 was totally detached and
separated. The left and right front wheels and the dumper were damaged. The left front corner
of the vehicle was deformed. The tested barrier produced a positive result. Three high-speed
cameras were used to record the test. Two cameras were placed along the barrier at its leading
edge and the end. The third was situated over the test point.

A full-scale experiment was conducted on-site using a SETRA S215L bus. After reaching
a speed of 74 km/h, the vehicle hit the barrier at an angle of 19.40° between Post No. 16 and
No. 17 and was in contact with it for a length of 35.81 m. The tested barrier achieved a
positive result according to the TB51 collision test. Information on normalization procedure
for Wy and Dy and the results of the TB51 test are reported in [26].
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3. RESULTS AND DISCUSSION
3.1 Validation

The initial conditions of the experiments were represented in numerical tests. During the truck
crash the tires interacted with two types of surfaces: concrete and — where the barrier was
mounted — gravel. According to the literature, each surface has a different friction coefficient,
depending on a variety of factors (especially the speed of the vehicle). The friction
coefficients for dry concrete and gravel are 0.75-0.9 and 0.4-0.7, respectively [18]. Due to
this, in numerical simulations the friction coefficient which best represents the described
experiments was not considered to be a specific number, but to be in the range 0.6-0.8.
Deformations captured at selected moments during the crash test are presented in Fig. 2. The
simulation results are presented for the same moments.
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Figure 2: Deformation of truck and barrier in the experimental test and numerical simulation.

dit

The behaviour of the truck during the TB 42 experimental test was similar to that
observed in the numerical simulation. In both the experimental test and its numerical
representation, the barrier’s guardrail was significantly deformed and detached from some of
the posts. Table I presents the functional parameters: normalized dynamic deflection (Dy,),
which is the maximum lateral displacement of the traffic-facing side of the restraint system

during impact; normalized working width (Wy), which is the maximum transverse distance
measured during the test.
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Validation of the numerical model, in which a bus impacts a KTC 015 side barrier
according to TB51 requirements, is presented in [26].

Table I: Functional parameters of the barrier in the numerical simulation and the experimental test.

. Numerical simulation
Parameter Experiment
Mw=0.6 Mmw=0.8
Wy (working width) 1m 1.12m 1.05m
Dn (dynamic deflection) 09m Im 0.93m

3.2 Friction coefficient sensitivity

A detailed observation of the TB42 crash test phenomenon raises the question of the effect of
friction on the barrier’s protection ability. From the video recordings of the experiment, it can
be observed that the gravel on which the truck is moving scatters as the wheels slip toward the
barrier. It can be assumed that surfaces that generate lower friction forces may change the
behaviour of a vehicle with high inertia. Thus, the same road barrier may not provide
sufficient protection in different weather conditions. In fact, vehicles rarely move on concrete
roads covered with gravel; however, as is often mentioned in the literature, the properties of
an asphalt surface may change drastically, especially in winter.

In order to investigate the influence of the friction coefficient on the crash phenomenon, a
set of friction coefficients were used in the simulations. A series of tests were conducted for
coefficients of friction u, =0, 0.2, 0.4, 0.6, 0.8, 1, and 1.1.

Simulation of the TB42 test showed serious damage to the barrier, especially for small
values of .. The guardrail was detached from the posts due to damage to the absorbers
during the crash of the front part of the vehicle and the subsequent impact in the same area by
the rear of the truck, which caused further damage. Although the guardrail was not fractured,
it is flexible and therefore could not stop the intrusion of the vehicle. The influence of friction
on vehicle behaviour is depicted in Fig. 3. On a very slippery road with ice, for example,
(Fig. 3 a) both left wheels went through the barrier, which does not provide sufficient
protection according to EN 1317; therefore, the vehicle would not pass the normative test
successfully. For relatively poor surfaces like earth roads, gravel or wet asphalt (Fig. 3 b), the
barrier stops the truck satisfactorily. For surfaces that provide very good contact with tires,
such as dry and clean concrete, the barrier also passes the test successfully (Fig. 3 b) and the
vehicle returns to its original traffic lane slightly more quickly.

During the TB51 test, some absorbers were also quickly damaged; however, as the vehicle
is relatively long, the rear part of the bus impacted an undeformed part of the barrier system.
The bus did not go through the barrier in either of the simulations.

The simulation results were evaluated according to the specific requirements of EN 1317.
A graph (Fig. 4) presenting Wy and Dp, shows that the friction force generated due to the
interaction between tires and the road surface may be a decisive factor in crash test results.
The TB51 simulation results are quite similar, regardless of the friction level. However, in
TB42 simulations where a low friction coefficient is defined, increased values of working
width and dynamic deflection are registered. In such events, the small force opposing
movement towards the barrier cannot successfully stop the vehicle from intrusion into the
guardrail, thus causing significant damage. A very small influence can be observed for
friction coefficients in the range 0.9-1.1, as friction is high enough to stop the tires from
slipping and vehicle movement is possible mainly due to the turning of its wheels.

436



Stanislawek, Dziewulski, Kedzierski: Deterioration of Road Barrier Protection Ability Due ...

a) b) C)

. Time=
| Time=
Pom

\

Figure 3: Position of the vehicle 1 s after the impact when different friction coefficients were used:
a) uwr =0, b) twr =0.6, C) pur = 1.
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Figure 4: Numerical test results: working width (Wy) and dynamic deflection (Dy) for friction
coefficient 0-1.1.
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To prove this hypothesis, the trajectory of a point located on the left rear wheel was
registered; the results shown in Fig. 5a confirm this assumption. For friction coefficients 1—
1.1, the trajectory of the rear wheel is almost the same. The bus trajectory presented in Fig. 5b
also shows the influence of friction, but the difference is not significant. The KTC 015 system
is a high containment system level that is able to withstand a bigger load. This type of barrier
is usually mounted on bridges and its posts are firmly mounted in concrete foundations. The
authors assume that this is why vehicle skidding did not result in serious intrusion into the
restraint system.
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Figure 5: Trajectory of a point located on the vehicle’s rear left tire with symbolic representation of
the barrier and the vehicle: a) TB42 test, b) TB51 test.

Summarizing the crash phenomenon is a complicated process in which, one the one hand,
a small ground-vehicle friction stops the intrusion of the vehicle because the reaction forces of
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the barrier may more easily move its body. On the other hand, such little friction causes that
inertia, especially of the rear part of vehicle, making it hit with higher energy. The influence
of each effect depends on the design of particular vehicle and barrier. In the analysed tests, the
rigid truck impact test (TB42) showed that low friction causes much more damage to the
barrier structure. However, in the case of the TB51 test, the bus is redirected a little faster and
the dynamic deflection slightly increased for high friction. Even so, all the results for the
TB51 test are relatively similar and therefore it can be said that in this case friction influence
on the barrier protection ability may be disregarded. Consequently, it is clear that the effect of
high energy impact may be dominant in certain conditions and that is why variable road
conditions are an important issue.

4. CONCLUSION

The paper presents an analysis of road barrier performance during crashes in different weather
conditions that cause varying degrees of friction between the wheels and the ground. Analyses
are based on the TB 42 and TB51 tests, in which a vehicle impacts a KTC 033 or KTC 015
steel barrier at a velocity of 70 km/h. A series of numerical tests were conducted in order to
investigate the influence of the friction coefficient («w = 0-1.1) on the normative test results.

The results obtained prove that the trajectory of a vehicle is affected by friction during a
crash. On a slippery road, the rear part of the vehicle skids and impacts the barrier with high
velocity. In the case of a truck impact, this phenomenon leads to the TB42 crash test being
failed. The working width in the test, Wy, for a very slippery road is equal to 1.6 m, while for
a test conducted in good weather conditions on a good quality road it is only 0.9 m. Moreover,
for much less realistic scenarios in which the coefficient is above wuwr > 0.9, the vehicle
behaviour does not change; this means that the truck stops sliding and its movement is caused
mainly by the rotation of its wheels. These assumptions are proved by observation of the
trajectory of the rear wheels, which remains unchanged in the case of u, = 0.9-1.1 for these
simulation tests. The TB51 crash analysis also showed similar effects, but it did not result in
increased vehicle intrusion.

To sum up, it can be stated that the EN 1317 norm may not provide sufficient information
about road barrier safety. Behaviour of a barrier during impact in poor weather conditions,
when the road-wheel friction is low, cannot be easily anticipated. Unfortunately, performing
an experimental crash test on a slippery surface is technically difficult and would generate
additional costs. Therefore, numerical simulations are an efficient way to test barriers.
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