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Abstract: Road restraint systems (RRSs) on European roads are provided by several manufacturers
and, hence, lead to differences in geometry, material, and mode of operation. Focusing on the
combination of soft steel RRSs with relatively stiffer concrete RRSs, it is vital to consider the potentially
critical deformation kinematics during vehicle impacts, such as vehicle pocketing. Since a statutory
test procedure was not introduced until mid-2024, much of the transition construction (TC) on
Austrian roads has remained untested. Knowledge of the design features to be implemented during
the refurbishment of such TCs is of great interest. The main focus of this study was to derive
constructive measures (CMs) that increase traffic safety and are applicable to various TCs already
installed on roads. The first step involved deriving design principles whose implementations in
TCs reduce the risk of critical vehicle or RRS behavior. Based on finite element simulations, the
functionality of a TC featuring all derived design principles was examined. The effect of each
individual CM was analyzed in a parameter study. The results from a TB61 impact simulation on the
derived TC showed the effectiveness of CMs, achieving smooth vehicle redirection. Vehicle pocketing
was limited to a minimum, and neither penetration of the TC nor rollover of the vehicle was observed.
The analysis of the influence of each CM indicated positive, and in some cases, negative effects. The
working width was mainly positively influenced by the compaction of the posts, an additional steel
bar, and the chamfering of the first concrete element. A rather diverse picture is drawn regarding the
influence on the tensile forces in the guardrails. Some CMs had both positive and negative effects
on the distribution of forces in the upper and lower guardrails. Nevertheless, all CMs had positive
effects on the tensile forces in the coupling. The chamfering of the first concrete element was the most
effective measure to prevent vehicle pocketing. However, through the combination of all CMs, the
positive effects predominated, ensuring the functionality of the TC as a whole. This study provides
basic insights into the effectiveness of constructive measures, which can serve as a reference for the
renovation of in-service TCs or in the development phase of new TCs to be certified.

Keywords: road restraint systems; transition construction; finite element simulation; EN 1317

1. Introduction

The number of single-vehicle accidents in Europe accounts for approximately one-third
of all fatal accidents [1]. Approximately 6500 passengers are killed in single-vehicle acci-
dents every year. Two-thirds of these accidents take place on rural roads or motorways [2].
Measures to prevent single-vehicle run-off-road accidents include lane departure warning
systems (LDWSs) and lane keeping assist (LKA). The effectiveness of these systems in pre-
venting single-vehicle run-off-road accidents is estimated to be up to 60% [3-5]. Although
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the number of vehicles equipped with LDWSs is increasing, only one in five cars in Ger-
many was fitted with an LDWS in 2023 [6,7]. Furthermore, inclement weather conditions
and temporarily inconsistent road markings have negative impacts on the effectiveness of
these systems [8-10]. Consequently, it is still necessary to provide appropriate measures to
protect vehicle occupants from the consequences of collisions with stationary hazards.

Road restraint systems (RRSs) are used to protect errant vehicles from impacts against
hazardous objects on the roadside or frontal collisions with oncoming traffic at the median.
RRSs are an effective measure and have led to a reduction in the risk of injury [11,12].
To be installed on European roads, RRSs must comply with the criteria specified in EN
1317-2 [13] crash tests. RRSs can mainly be categorized as steel or concrete. Due to various
roadside conditions and road safety requirements, several different RRSs are installed
on European roads. RRSs are differentiated according to their containment level, which
indicates the restraint abilities for particular vehicle classes. The stiffnesses of such systems
can be expressed in terms of working width. Due to many different demands, there are a
number of certified RRSs in each category, covering a wide range of containment levels
and working widths. Therefore, encountering two different RRSs is inevitable.

With regard to connecting two different RRSs (transitions), EN 1317-10 [14], which was
published in July 2024, defines crash test configurations and assessment criteria. Due to the
fact EN 1317-10 is a preliminary norm since mid-2024, only a small number of transitions
tested and certificated according to EN1317 are available and intended for use. Only
two transition constructions (TCs) connecting guardrails to concrete barriers are registered
in Austria [15]. These transitions are individual constructive solutions adjusted to the
local boundary conditions given by the connected RRS and the prevailing environment.
Although ENV 1317-10 is used to assess the containment performance of the transition
when connecting two new and different RRSs, many different RRSs on the road will never
be subjected to an impact test. For these system combinations, however, a sufficiently high
level of traffic safety and penetration prevention must be provided.

The main challenge involves the different stiffnesses of the systems to be connected
and the prevention of vehicle pocketing. Vehicle pocketing, or a ‘knee-shaped’ deformation
of the softer system, increases the load on the vehicle and supports critical vehicle kinemat-
ics [16]. Design measures shall be developed to ensure smooth redirection of the impacting
vehicle over the entire length of the transition.

Several studies on road safety have used different methods to investigate the effective-
ness of design measures for steel and concrete barriers. The calculations of numerical risk
factors and cost-benefit analysis, as conducted by [17], provide insight into critical road
infrastructure on a macroscopic basis. However, in order to investigate factors influenc-
ing the detailed construction and design of roadside barriers, investigations focusing on
vehicle kinematics and vehicle-infrastructure interaction are essential. For this purpose,
finite element (FE) simulations are widely used and significantly advance crashworthiness
analysis. By validating FE simulation models with real crash test data, reliable models can
be established [18]. As field data often deviate from test standards [19], FE simulations
provide a cost-effective method to evaluate the behavior of barriers in impact configurations
different from those addressed in regulatory-required tests. In addition, parameter studies
provide a deeper understanding of the influence of design parameters such as material
failure, friction, and geometric design on restraint functionality [20].

The objective of this study is to analyze design principles and derive design measures
to improve the restraint functionality of TCs and to prevent vehicle pocketing when
connecting two different RRSs, specifically when connecting a guardrail to a concrete barrier.
A parameter study of a virtually optimized and tested TC based on two representative
RRSs shows the benefits of each design measure implemented. Based on the relative
comparisons, recommendations are made regarding the need for adjustments to the TC in
service. Ultimately, the design measures are universally applicable and can be applied to
combinations of RRSs not investigated in this study.
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2. Materials and Methods

The approach to evaluating the restraint potential of constructive measures (CMs) is
processed in three steps (Figure 1). Based on the literature, restraint principles of existing
TCs were derived, and CMs for implementing each principle in a TC were developed. A
finite element (FE) model of a TC is introduced, combining models of a steel RRS and
a concrete RRS validated for H3 and H4b containment levels, respectively. The TC is
designed using all derived CMs. The functionality and restraint capabilities of the TC
are evaluated by conducting a simulation of the certification test TB61 according to EN
1317-2 [13]. Furthermore, the extent to which each single constructive measure contributes
to the restraint capability of the TC is analyzed by a parameter variation.

Approach Objective

Design of a base transition
construction featuring all

constructive measures
I I I I

Derivation of restraint principles and

Conceptualization .
constructive measures

. Simulation of a TB61 impact Restraint functionality of the base
Evaluation . . Y .
configuration transition construction
I I I I
N Simulation of variations of the Influence of the constructive
Investigation - .
transition construction measures
L ] |

Figure 1. Approach to evaluating the influence of restraint principles.

2.1. Restraint Principles and Constructive Measures

For a TC to address the restraint functionality for passenger cars and heavy goods
vehicles, the following restraint principles are implemented:

e RP1: Gradually increase the stiffness from the (softer) guardrail toward the (stiffer)
concrete barrier.

e  RP2: Increase the stiffness of the RRS to counteract the potential penetration of the TC
caused by the impact of a heavy goods vehicle. This can be achieved by reinforcing
the tension belt, such as installing a second steel profile on the non-traffic side of
the guardrail.

e  RP3: Extend or reinforce the anchorage, i.e., increase the number of anchoring posts
or integrate posts with increased cross-sectional resistance, which contributes to the
stiffness characteristics.

e RP4: Extend the deformation space to reduce the stiffness difference between the
guardrail and concrete barrier and smoothly redirect the vehicle.

e  RP4: Prevent vehicle pocketing in the first concrete barrier elements in order to reduce
severe passenger loads or critical vehicle kinematics.

To apply these identified restraint principles in the TC concept, CMs were developed
and implemented in the TC. Existing TCs connecting steel and concrete RRSs were analyzed
with respect to the restraint principles. In Table 1, the CMs implemented in the TCs are
associated with the restraint principles (RPs).

Figure 2 illustrates the realization of the CM in a TC. An increase in stiffness from
the guardrail toward the concrete barrier is realized by increasing the number of posts
of the guardrail (CM1). A second guardrail bar (upper guardrail) reinforces the tension
belt. Three fixation posts were installed to connect the upper guardrail to the connection
element (CM2). By positioning the concrete elements with a lateral offset and installing steel
damping parts between the guardrail and the concrete barrier elements, the deformation
space increases (CM3 and CM4). Hence, the connection element is activated earlier and
energy can be absorbed through the deformation of the damping parts. The second concrete
element is rotated around the height axis to ensure the alignment of the other concrete
barriers with the traffic face of the RRS. To prevent vehicle pocketing, an additional steel bar
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(sliding profile) is mounted at the bottom of the guardrail and is anchored in the connection
element (CM5). The last post of the steel RRS is positioned relative to the connection
element with minimal post distance, which prevents vehicle pocketing (CM6). A special
design shape of the first concrete barrier element (connection element), referred to as a
chamfered front face, will further reduce the risk of vehicle pocketing (CM?7).

Table 1. Restraint principles and corresponding constructive measures.

Restraint Principles Constructive Measures
Increase stiffness gradually from the Gradually increase the number of
RP1 . . M1 .
guardrail to the concrete barrier posts toward the concrete barrier
RP2 Reinforce the tension belt CcM2 Fix the secon(':l guard rail to the
concrete barrier elements
RP3 Extend or reinforce the anchorage CM1 Gradually increase the number of

posts toward the concrete barrier

Damping steel parts between the
RP4 Extend the deformation space CM3  guardrail and concrete
barrier element

Offset the first concrete

CM4 barrier element
Connection element Concrete elements
Steel RRS Concrete RRS
Upper guardrail -
Lower guardrail
Sliding profile
CM1 t

%

CM7

Figure 2. Schematic illustration of the constructive measures.

2.2. Finite Element Model and Validation of the RRS

Two RRSs were chosen for this study due to their frequent use on Austrian motorways:
the steel RRS KB1 RH3 from voestalpine Krems Finaltechnik GmbH and the concrete
RRS DB100 6m from DELTABLOC GmbH. The steel RRS is certificated according to EN
1317-2 [13] for containment level H3 with a working width of W5, and the concrete RRS for
containment level H4b with a working width of W6. Both RRSs are approved for use on
Austrian roads and registered by the Ministry of Transport [15]. These two RRSs are used
as the base RRSs, which are connected by a TC. This TC is referred to as the base TC and
includes the above-mentioned CMs.

2.2.1. Road Restraint Finite Element Model

FE models of the base RRS were set up and validated against data from tests. The FE
simulations were performed using LS-Dyna solver R9.3.1 MPP double precision (LSTC,
Livermore, CA). In Figure 3, the FE models of one segment of the guardrail and the concrete
barrier are shown. The entire model of each RRS is put together with the same number of
segments as in the corresponding tested configuration.
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Figure 3. Models of the base RRS KB1 RH3 (left) and DB100 6m (right).

The steel RRS consists of two independent guardrails and is modeled with shell ele-
ments and elastic—plastic steel material properties. Bolt connections that link the guardrails
(gray) with the damping elements (orange) and the posts (yellow /green) were simplified
via beam elements with mechanical characteristics as the corresponding bolts. The posts
were embedded in solid elements (brown) representing the soil. The material parameters
and the modeling method for the soil were taken from the literature [21]. Both free ends of
the RRS were fixed in space to represent the start and end anchorages.

The concrete barrier was modeled with rigid solid elements (gray), as no deformation
or damage was observed in the test data. The coupling and connector parts (blue) were
modeled with solid elements and allocated with elastic—plastic steel material properties.
The couplings on both free ends of the RRS were fixed in space to represent the start and
end anchorages. In between each concrete element, two wedges (red) with elastic—plastic
material properties, connected by a rubber strap (green), were positioned.

2.2.2. Validation of the Road Restraint Models

For an RRS to be considered valid, it must successfully complete two different tests [13].
For containment level H3, a test with a vehicle mass of 900 kg, an impact speed of 100 km/h,
and an impact angle of 20° is required. This test is referred to as TB11. A second test with a
heavy goods vehicle with a mass of 16,000 kg, an impact speed of 80 km/h, and an impact
angle of 20° is mandatory. This test is referred to as TB61. For containment level H4b, the
TB11 test is mandatory, and a further test with a heavy goods vehicle with a mass of 38,000 kg,
an impact speed of 65 km/h, and an impact angle of 20° is required. This test is referred
to as TB81. The corresponding test reports and technical drawings for the validation are
provided by the manufacturer. The impact angle, impact velocity, impact position, and vehicle
properties—such as mass and position of the center of gravity—are modeled as given by the
test reports and in accordance with the test specifications of EN 1317-2 [13].

The validity of the models is based on EN 16303 [22]. The tolerance limits for the
deformation of the RRS, such as dynamic deflection (Dm), working width (Wm), vehicle
intrusion (VIm), and the severity criteria—Acceleration Severity Index (ASI) and Theoret-
ical Head Impact Velocity (THIV)—defined therein are met by the simulations. Table 2
summarizes the evaluation criteria, which are fulfilled according to EN 16303 [22] for the
individual impact configurations and RRSs.

Table 2. Impact configurations and evaluation criteria of the validated RRSs.

RRS TB11 TBeé1 TB81
VAKF KB1 RH3 Dm/Wm/ASI/THIV Dm/Wm/VIm -
DELTABLOC DB100  Dm/Wm/ASI/THIV - Dm/Wm/VIm

In further investigations, the validated steel RRS is referred to as the base steel RRS,
and the validated concrete RRS is referred to as the base concrete RRS.
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2.2.3. Model of the Base TC

The base TC is shown in Figure 4 with the base steel and base concrete RRS on the
left and right sides, respectively, colored brown. All of the identified restraint principles
are considered, and appropriate CMs are applied. The base TC connecting the modified
steel and concrete RRS (green) via a connection element (blue) is outlined. The connection
element is modeled with elastic—plastic concrete material properties and includes steel
reinforcement bars that are also modeled with elastic—plastic material properties.

Transition construction

Base RRS Modified RRS Transition Modified RRS Base RRS
KB1 RH3 KB1RH3 DB100 6m DB100 6m

\
Upper guardrail
N ™~ Sliding profile Lower guardrail
Posts Connection element
Damping steel parts Fixation posts
—

Figure 4. Model of the base transition construction.

2.3. Influence of the Constructive Measures

The functionality of the base TC is evaluated for the TB61 impact scenario at
three different impact locations. Furthermore, the most critical impact location is identified.
To evaluate the influence of the implemented CMs, a parameter study was conducted for
the TB61 impact scenario in the most critical impact location. Several variations of the
base TC were set up, with each variation reduced by one of the implemented CMs. A
comparison between the results of the base TC and the variations provides insight into the
influences of each constrictive measure.

2.3.1. Vehicle Model

The TB61 configuration involves the impact of a 16 t heavy goods vehicle traveling at
80 km /h and an impact angle of 20°. The FE model (Figure 5) is based on a freely available
vehicle model from the NCAC [23].

NN N NSNS

Figure 5. FE model of the heavy goods vehicle.

The model includes a geometrical representation and features air-filled tires, a sus-
pended and steerable front axis, and a suspended rear axis equipped with dual tires.
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Despite the motor block and parts included in joints, all parts are modeled with deformable
materials. Bolt connections are simplified via nodal rigid body constraints. Modifications
were made to the original suspension characteristics to enable improved vehicle-barrier
interaction. The major characteristics of the model are listed in Table 3.

Table 3. Characteristics of the FE model of the heavy goods vehicle.

Characteristic Value
Length [m] 9.40
Width [m] 2.49
Height [m] 2.76

Number of parts 181
Number of nodes 70,510
Number of elements 82,862

2.3.2. Impact Location

EN 1317-10 [14] provides guidance on defining the impact location for containment
tests as follows: “The impact point for the containment test can be located at the midpoint
of the transition but should not be more than 6 m upstream from the end of the transition”.
However, the regulation also allows for selecting other impact points if the proposed
location is not considered the worst case. The impact location, as defined by the regulation,
would be within the concrete elements. As vehicle pocketing in the steel RRS is expected
to be the most critical loading scenario due to lateral stiffness variations between the
softer steel and stiffer concrete RRSs, impact locations outside the recommendations of the
regulation are selected.

The impact locations in Figure 6 were chosen, assuming that one of them represents
the most critical loading scenario for the TC. Impact locations A and B are situated on the
seventh and fourth posts of the upper guardrail, which are located 8260 mm and 4460 mm
before the connection element, respectively. Impact location C is situated at the second post
of the lower guardrail, which is 1640 mm before the connection element.

Impact locations
Q 8260
Q o
L C I
1
1L |
I

Figure 6. Impact location for the evaluation of the transition construction.

= 14

I I ]

Driving direction

2.3.3. Model Variations of the Base TC

Based on the base TC and all the CMs taken into consideration therein, a variation
study with a total of seven variations of the base TC (V1 to V7) was conducted. For
each variation, one of the implemented measures (CM1 to CM7) was removed (CM1 was
removed in V1, CM2 was removed in V2, and so on). By comparing the simulation results
between the base TC and each variation, the influence of each constructive measure can be
identified. The following variants were analyzed:

V1: No compaction of post distance: CM1 was removed from the base TC by resting
the post distance in the modified steel RRS to the post distance of the base steel RRS. For
the used steel RRS, this meant an increase in post distance from 1.267 m to 1.9 m in the last
8 m before the connection element (Figure 7).
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Base TC

KB1 RH3 KB1 RH3 with modified post distance Connection element

V1: Base TC without compaction of post distance

KB1 RH3 | KB1 RH3 without modified post distance J Connection element

Figure 7. Base TC and TC modification V1.

V2: Fewer fixation posts between the upper guardrail and the concrete element: By
implementing CM2, the base TC included three fixation posts to connect the upper
guardrail to the connection element. In this variation, the number of posts was reduced to

two (Figure 8).

Base TC
KB1 RH3 with DB100 6m
modified post Connection element with modified
distance tension bar

V2: Base TC with fewer fixation posts between the upper guardrail and the concrete element

KB1 RH3 with DB100 6m
modified post Connection element with modified
distance tension bar

Figure 8. Base TC and TC modification V2.

V3: No damping steel parts between the guardrail and concrete element: The damp-
ing steel parts between the connection element and the steel guardrail installed in the base
TC, based on CM3, were removed in this modification (Figure 9).

V4: No lateral offset of the first concrete elements: The lateral offset of the first con-
crete elements included in the base TC, addressing CM4, was removed by resituating all
concrete elements to align with the line of the traffic face of the RRS. Due to the resulting
decrease in lateral distance between the connection element and the steel guardrail, the
damping steel parts needed to be replaced with more compact damping elements from
another steel RRS of the same manufacturer (Figure 10).

V5: No additional steel bar at the bottom, referred to as a sliding profile: The sliding
profile, which was integrated into the base TC based on CM5, was removed in this modifi-

cation (Figure 11).
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Base TC

KB1 RH3 with
modified post

Connection element

DB100 6m
with modified
tension bar

distance |

V3: Base TC without damping elements between guardrail and connection element

KB1 RH3 with DB100 6m
modified post Connection element with modified
distance | | tension bar

Figure 9. Base TC and TC modification V3.

Base TC

KB1 RH3 with
modified post Connection element
distance |

DB100 6m
with modified tension bar

V4: Base TC without lateral offset of concrete elements

KB1 RH3 with
modified post Connection element
distance |

DB100 6m
with modified tension bar

Figure 10. Base TC and TC modification V4.

Base TC

KB1 RH3 with modified post

A Connection element
distance |

KB1 RH3

V5: Base TC without sliding profile

KB1 RH3
. . KB1 RH3 with modified post .
without sliding ) . - ) Connection element
. distance without sliding profile
profile l |

Figure 11. Base TC and TC modification V5.

V6: Greater distance between the last post and concrete barrier element: To remove
CMB6 from the TC, the distance between the last post of the steel RRS and the connection
element was increased by removing the last post. For the steel RRS used, this meant an
increase in the distance from 0.35 m to 1.617 m between the last post and the front face of
the connection element (Figure 12).

V7: No chamfering of the front face of the connection element: The chamfering of the
connection element (CM7) was removed by modifying the geometry to resemble the
geometry of a standard concrete element. Thereby, inner reinforcements were kept the
same as in the connection element (Figure 13).
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Base TC

KB1 RH3 with modified post

R Connection element
distance

L1 I 11 I

V6: Base TC with greater distance between post and connection element

KB1 RH3 with modified post
distance |

Connection element

Figure 12. Base TC and TC modification V6.

Base TC
KB1 RH3 with DB100 6m
modified post Connection element with modified

distance | tension bar

V7: Base TC with no chamfered connection element
KB1 RH3 with . . DB100 6m
o Connection element without . "
modified post with modified
. chamfered front face .
distance | tension bar

Figure 13. Base TC and TC modification V7.

2.3.4. Effectiveness Assessment

The restraint capability of the TC was evaluated by comparing the maximal tensile
force measured in the simulation and the comparative values provided by the manufac-
turers. Moreover, a comparison of the different simulation variations with the base TC
was also conducted by means of the measured tensile forces. To do so, the FE model was
equipped with time history outputs. Tensile force measurements in the cross-section of the
steel guardrails and the shaft of the connectors for the concrete element couplings were
implemented via a *DATABASE_CROSS_SECTION_SET, as illustrated in Figure 14. All
couplings and guardrails in the model were equipped with such measurements. For the
assessment of the different variations, the maximal values are compared.

As there is no known definition of how to express vehicle pocketing in figures, a
method to detect or even quantify vehicle pocketing by applying two approaches is intro-
duced. For the first approach, the contact force is evaluated between the left front wheel
and the connection element. If contact occurs, this may indicate poor restraint functionality
of the guardrail, which could lead to vehicle pocketing. For the second approach, the tire
pressure of the left front wheel is monitored, and if there is an increase in tire pressure, it is
assumed that vehicle pocketing may occur. In addition, the working widths of the base TC
and all TC variations are measured and compared. Finally, the following four assessment
criteria are evaluated:
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Maximal tensile force in the guardrail;
Maximal tensile force in the coupling;
Vehicle pocketing;

Working width.

Figure 14. Tensile force measurement cross-sections implemented in the guardrails (left) and cou-
plings (right).

3. Results

In the following, the results of the simulations with the base TC at the three impact
locations and the different variations of the base TC are discussed.

3.1. Evaluation of the TB61 Impact on the Base TC

The FE model of the base TC was set up and simulated for the TB61 impact configura-
tion at the three different impact locations (ILs). At IL A, the vehicle was redirected by the
guardrail and did not contact the connection element. Hence, no critical behavior of the TC
was assumed. At IL C, the vehicle impacted the connection element and was redirected by
it. Therefore, no extensive deformation of the guardrail was noted. The greatest extent of
guardrail deformation, which could lead to vehicle pocketing, was observed at IL B, where
the guardrail bent outwards in front of the edge of the connection element. A comparison of
working widths also supports the argument of IL B being the most critical impact location,
as the highest working width is observed here at 1725 mm (Figure 15).

Working width for three different impact

locations
2000
_ 1725 1713
g 1500 1347
=
=
el
§ 1000
oo
£
< s00
(e}
=
0
ILA ILB ILC

Figure 15. Working width for three different impact locations.

Figure 16 shows the kinematics of the heavy goods vehicle and the system behavior at
the IL B in time steps of 200 ms. Neither a rollover nor a penetration of the restraint system
at the transition is observed. The measured tensile forces in the couplings and the steel
guardrails were compared with the reference values provided by the manufacturers. With
the measured values not exceeding the reference values at all three impact locations, the
functionality of the base TC was approved.
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Figure 16. Kinematics of the TB61 impact on the base TC.

3.2. Evaluation of the Influence of Constructive Measures

In the base TC, several CMs were implemented to guarantee functionality for the TB61
impact. In order to investigate the influence of each measure, seven variations (V1 to V7) of
the base TC were set up and simulated with the same impact conditions.

Table 4 summarizes the relative deviations in working width, the tensile forces in the
guardrails and couplings, and the tire pressure in the front left wheel with respect to the
base TC, which results when a certain CM is not implemented. The contact between the
connection element and the front left wheel force is given in absolute values, as no relative
comparison is possible due to no contact occurring in the simulation with the base TC. The
coloring scheme indicates the highest increase in yellow and the highest decrease in blue
for each criterion quantified with relative values. The same coloring also applies to the
contact forces, highlighting the highest force in yellow and no contact force in blue.

Table 4. The relative deviation of the criteria and absolute contact force in the different TC modifications.

Working Teinns 1L1§£g£ce Teinns 1[1Je ngce Tensile Force Wheel Contact
TC Modification Width Guardrail Guarlc)lrr)ail in Coupling Pressure Force
[%] [%] [%] [%] [%] [kN]
V1: No compaction of post distance 13.0 21.2 0.3 9.6 0.3 _
V2: Fewer fixation posts between the upper
guardrail and the concrete element 6.0 6.5 7.1 6.0 1.7 14.6
V3: No damping steel parts between the
guardrail and concrete element 8.7 29.0 1.3 04 4.3
V4: No lateral offset of the first concrete elements 9.4 —4.5 7.3 22 10.6
V5: No additional steel bar at the bottom,
referred to as a sliding profile 15.3 229 47 8.9 1.1 3.0

V6: Greater distance between the last post and

concrete barrier element 5.9 1.2 —6.2 5.2 _

V7: No chamfering of the front face of the

connection element

12.5 4.1 0.0 4.3 1.0 52.0

The main findings for each variation are discussed in the following sections accompa-
nied by figures. Each figure contains two images: the left image represents the validated
base TC as a reference, while the right image shows the results of the variation.

3.2.1. V1: No Compaction of Post Distance

Variation V1, where the CM1 was removed, provides less resistance to lateral deflection
due to the smaller number of anchoring posts. Hence, the comparison of the system
behavior in Figure 17 shows an increased working width of V1 when compared with the
base TC. The working width of the base TC is indicated by the length of the yellow bar, to
which a red bar is added, indicating the increase in V1. The working width in V1 increases
by 13% (Table 4), which leads to higher tensile forces in the lower guardrail (+21.2%) and
in the couplings (+9.6%). Almost no influence on the tensile force in the upper guardrail
(+0.3%) is noted. As no contact between the wheel and the connection element is detected
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(0.0 kN), and the tire pressure only increases by 0.3%, CM1 is assumed to have no effect on
vehicle pocketing behavior.

Base TC V1: Base TC without compaction of post distance

/L

Wm of Base TC Wm of BasC

Increase of Wm

Figure 17. Comparison of the kinematics between the base TC and TC (V1).

3.2.2. V2: Fewer Fixation Posts Between the Upper Guardrail and the Concrete Element

The modification of the fixation posts from three posts in the base TC (featuring
CM2) to two posts in the modified TC (V2) results in a 6% increase in the working width
(Figure 18, Table 4). The tensile force in the couplings increases by 6.0%, while the forces in
the lower and upper guardrails increase by 6.5% and 7.1%, respectively. A contact force of
14.6 kN is detected between the front left wheel and the connection element. Considering
the effect of an increased tire pressure percentage of 1.7%, an increased risk of vehicle
pocketing is derived for a TC not featuring CM2.

V2: Base TC with fewer fixation posts between

Base TC guardrail and element

\

Wm of Base TC . Wm ofBasC

Increase of Wm

Figure 18. Comparison of the kinematics between the base TC and TC (V2).

3.2.3. V3: No Damping Steel Parts Between the Guardrail and Concrete Element

The damping elements that fix the guardrail at a distance to the connection element in
the base TC (CM3) facilitate smoother bending of the guardrail. Without damping elements,
the guardrail contacts the connection element and bends outwards in front of the edge of
the connection element (Figure 19). With no damping elements installed in the modified
TC, the tensile force in the lower guardrail increases by 29% (Table 4). In contrast, the tensile
force decreases by 10.4% in the upper guardrail. The working width increases by 8.7%
and the tensile force in the couplings increases by 1.3%. Without the damping elements, a
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higher risk of vehicle pocketing can be observed based on the detection of contact between
the wheel and the connection element (4.3 kN) and an increased tire pressure (+0.4%).

V3: Base TC without damping elements between
guardrail and element

Figure 19. Comparison of the kinematics between the base TC and TC (V3).

Base TC

3.2.4. V4: No Lateral Offset of the First Concrete Elements

Similar behavior, as observed in V3, is noted in V4 (Figure 20). Without an offset of the
first concrete barrier element, the guardrail tends to bend outward more at the connection
element compared to the base TC. The increased tire pressure (+2.2%) and the contact force
(4.3 kN) indicate an increased risk of vehicle pocketing, which can lead to higher loads on
the material. The tensile force in the lower guardrail increases by 9.4% with a lateral offset
of the first concrete elements, with the tensile force in the upper guardrail decreasing by
4.5% (Table 4). In addition, the tensile force in the couplings increases by 7.3%.

V4: Base TC without lateral offset of concrete
elements

Figure 20. Comparison of the kinematics between the base TC and TC (V4).

Base TC

3.2.5. V5: No Additional Steel Bar at the Bottom, Referred to as a Sliding Profile

The omission of the sliding profile, which was initially implemented based on CMS5,
does not influence the vehicle kinematics. Only a change in the deformation of the post
closest to the connection element is observed due to the direct contact of the front left
wheel with the post (Figure 21). This results in an increased tire pressure of 1.1% (Table 4).
In addition, contact between the wheel and the connection element is observed (3.0 kN).
Nevertheless, the sliding profile contributes to the lateral resistance of the RRS, which can
be seen by a 15.3% increase in working width in the modified TC. The increased deflection
further leads to an increase in tensile force in the lower and upper guardrails by 22.9% and
4.7%, respectively. In addition, an increase in the coupling force is observed (8.9%).
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Base TC V5: Base TC without sliding profile

Figure 21. Comparison of the kinematics between the base TC and TC (V5).

3.2.6. V6: Greater Distance Between the Last Post and Concrete Barrier Element

With the last post of the guardrail removed to evaluate the influence of CM6, a
reduction in the stiffness of the TC is observed, resulting in a 5.9% increase in working
width (Table 4). The tensile force in the lower guardrail shows only minor changes (+1.2%).
The tensile force in the upper guardrail decreases by 6.2% and increases by 5.2% in the
coupling. Figure 22 shows the interaction between the post near the connection element
and the left front wheel in the base TC. No contact between the wheel and the connection
element (0.0 kN) is observed, with only a minor change in tire pressure (—0.5%).

V6: Base TC with greater distance between post and
connection element

Figure 22. Comparison of the kinematics between the base TC and TC (V6).

Base TC

3.2.7. V7: No Chamfering of the Front Face of the Connection Element

The influence of the geometry of the connection element (CM7) on the vehicle-RRS
interaction can be seen in Figure 23. Without chamfering of the connection element, the
left front wheel of the vehicle hits the front flat face of the connection element, leading to
vehicle pocketing. This finding can be supported by a measured contact force of 52 kN,
and an increase in tire pressure of 1%. With this contact occurring in the modified TC, the
working width increases by 12.5% (Table 4). Furthermore, the tensile force in the lower
guardrail increases by 4.1%, whereas no change is observed for the upper guardrail. An
increase of 4.3% of the tensile force in the coupling is observed.
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Base TC V7: Base TC with no chamfered connection element

Figure 23. Comparison of the kinematics between the base TC and TC (V7).

4. Discussion

Although there is an increasing trend toward lane departure warning systems in vehi-
cles [6,7], many vehicles are still not equipped with this safety system. RRSs are, therefore,
still necessary to protect an errant vehicle from hitting a dangerous obstacle. These RRSs
are tested in accordance with the requirements of EN 1317-2 [13], but the transition between
two different RRSs is rarely tested because the test standard for transitions (EN 1317-10 [14])
was not published until July 2024. The design and functionality of the TC with the test
standard in effect will be evaluated in the future. With more test data being available for
different containment levels, the results found in simulation studies can be reviewed and
additional constructive measures can be developed.

With no tested TC available for each RRS combination, the large number of different
RRSs poses a major challenge. This applies to both new TCs, particularly those that have
already been installed on roads and are no longer being tested. This requires practical
solutions that increase road safety and can be used for many different RRS combinations.

In this study, a standard TC was developed, and various measures to improve pene-
tration safety and vehicle pocketing were evaluated. In the developed base TC, all CMs
were implemented. By simulating the TB61 impact configuration, the functionality of the
base TC and, thereby, the performance of the collaboration of all implemented CMs could
be approved. For the parameter study, seven variations of the base TC were created, with
each one omitting one specific measure. Hence, the results reflect the effect of that specific
CM on the behavior of the TC.

The working width was mainly positively influenced by the compaction of posts (CM1)
and an additional steel bar (CMS5). Those CMs increase the stiffness of the steel RRS and,
therefore, provide more resistance to lateral deformation. They also contribute to a smooth
and monotonous increase in the stiffness of the whole TC. The geometrical modification,
such as the chamfering of the first concrete element (CM?7), also reduces the working width
of the TC. A negative effect on working width was only documented for the lateral offset of
the first concrete element (CM4). However, as the initial position of the connection element is
closer to the system'’s leading edge—where the working width is measured—the comparison
of this CM with other variations should be interpreted with care.

A rather diverse picture is drawn regarding the influence on the tensile forces in the
guardrails. The implementation of steel damping elements (CM3), the lateral offset of
the first concrete element (CM4), and the distance between the last post and the concrete
element (CM6) show positive and negative effects on the distribution of forces in the upper
and lower guardrails. While the tensile force is reduced in one guardrail, compensation is
observed in the other guardrail. Despite these exceptions, an overall positive trend in the
influence on tensile forces was observed.
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All CMs showed a positive effect on tensile forces in the couplings. A comparable
trend of reduction in working width and tensile forces in the couplings was observed,
except for CM4, where the above-discussed limitation applies.

There is no straightforward evaluation method to detect vehicle pocketing in FE
simulations. The approach taken here facilitated the quantification of the event of vehicle
pocketing by evaluating tire pressure and the contact force between the front left wheel and
the connection element. Both criteria show either a positive or a negative trend for each CM,
indicating a good correlation between both evaluation methods. Only a minor decrease
in the wheel pressure was noted for CM1, which could not be reproduced in the contact
force criteria. The chamfering of the first concrete element proved to be the most effective
measure to prevent vehicle pocketing. Nevertheless, based on a visual examination of the
simulation results, some CMs were expected to have a greater influence on reducing the
risk of vehicle pocketing. It is assumed that the method for detecting vehicle pocketing still
has room for improvement.

The loadings in the guardrails were assessed by measuring the tensile forces acting
along the upper and lower guardrails. Based on the force values obtained, a trend of how
each CM influenced the force distribution could be derived. However, this approach does
not provide any indication of material failure. The bending of the guardrails around the
face of the connection element, which was observed in some variations, was identified as a
source of high stress on the material that could lead to material failure. In order to properly
identify such critical loads in the simulation, local strain values of the guardrail need to be
measured and evaluated. Moreover, this should be preceded by detailed validation of the
guardrail at the component level to ensure reliable results. However, the results on a tensile
force basis facilitated a simple but effective assessment method to identify the influences of
each CM.

It can be stated that some CMs not only influence the analyzed criteria in a positive
way. While the values for some criteria decrease, increases in other criteria can occur.
For example, CM3 (lateral offset of the first concrete elements) results in decreases in the
working width and tensile force in the lower guardrail, but causes an increase in the tensile
force in the upper guardrail. Nevertheless, implementation of CM3 is necessary due to its
positive effects. However, its negative effects are offset by the implementation of other CMs.
Thus, the implementation of all described CMs is necessary to provide the functionality
of the TC investigated here and decrease the risk of penetration and vehicle pocketing
significantly.

All CMs are designed in a way that standard parts of the connected base RRS can be
used to set up the TC. This characteristic facilitates the application of the CMs to other RRS
combinations as well.

The functionality of the base TC and the variations in the parameter study were
analyzed at impact location B. The findings from this study are, therefore, based on the
results of a vehicle impact at this exact impact location. The investigation into further
impact locations outside the area over which the three analyzed impact locations extend
(i.e., shifting the impact location further in the direction of the two basis RRSs) does not
provide any additional knowledge. The risk of vehicle pocketing is observed to be the
greatest for impact location B based on the extent of guardrail deformation. It is assumed
that for all other impact locations, the risk of vehicle pocketing is significantly lower as
the vehicle is already deflected by either the steel or concrete RRS. To support this thesis,
several impact locations, applicable to the virtual assessment methods B3 and B4 (according
to ENV 1317-10) [14], may be simulated and the selected impact location can be verified
as the most critical. The complexity of identifying the most critical impact location in
correlation with the norm has also been reported in other studies [16].

This study highlights the benefits of using FE simulations. Numerous variations can
be simulated and evaluated in a cost-effective manner. FE simulations guarantee identical
boundary conditions for all variations, allowing a direct comparison of all results and the
identification of isolated influences.
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The validated FE model of the TC can be used for further investigations on additional
CMs, or for evaluating the restraint functionalities in impact configurations involving other
vehicle types.

5. Limitations

Although it was possible to generate knowledge based on the simulations carried out,
the results obtained are subject to some limitations.

The influence of the construction measurements was analyzed based on the simulation
of the TB61 impact on a TC, combining RRSs with containment levels H3 and H4b. As it
was possible to gain insight into the effect on restraint performance in terms of penetration
and vehicle pocketing, no conclusions can be drawn about impact severity. For this purpose,
simulations with passenger cars have to be performed and evaluated.

Each constructive measure was analyzed on an isolated basis, which means the influ-
ence of the implementation of two or more CMs was not investigated. Further insight into
the interference of diverse CMs may be achieved by combining several measures.

The applicability of the derived measures to combinations of other systems can only be
stated on a theoretical basis. As only components from the two combined RRSs came into
use in the TC, the effective implementation of the measures in TCs connecting other RRSs
is also assumed to be realizable. The extent to which the individual measures influence the
restraint functionality must be derived separately from other RRS combinations.

The parameter study was conducted with an FE model of one specific heavy goods
vehicle. This model represents one specific type in terms of geometry and stiffness proper-
ties. However, heavy goods vehicles can be found in various designs and types of driving
on European roads. The extent to which the results discussed here apply to heavy goods
vehicles of different types or with different structural stiffness cannot be stated.

6. Conclusions

The functionality of the TC with the derived restraint principles implemented was
confirmed through simulation and testing of a TB61 impact configuration. The developed
TC served as the basis for investigating various CMs, which are applicable to diverse
in-service TCs on Austrian roads.

This study revealed the isolated influence of each constructive measure implemented,
with the combination of all CMs proving to be the optimum. The technical feasibility of
the measures as part of a refurbishment of in-service TCs must be determined for each
individual TC separately. As in-service TCs are mostly unique constructions fitted to local
boundary conditions, the appropriateness and necessity of the measures to be implemented
may vary on a case-by-case basis and must be judged by an expert. Nevertheless, this study
provides basic knowledge about the principles of operations of the investigated CMs and
can be used as a reference in case of uncertainties or during the development phase of new
TCs to be certified.
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