% applied sciences

Article

Vehicle Collision Analysis of the Reinforced Concrete Barriers
Installed on Bridges Using Node-Independent Model

Jeong J. Kim ! and Jae S. Ahn %*

check for
updates

Citation: Kim, J.J.; Ahn, J.S. Vehicle
Collision Analysis of the Reinforced
Concrete Barriers Installed on
Bridges Using Node-Independent
Model. Appl. Sci. 2024, 14, 10518.
https:/ /doi.org/10.3390/
app142210518

Academic Editor: Dario De

Domenico

Received: 10 October 2024
Revised: 8 November 2024
Accepted: 13 November 2024
Published: 15 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Korea National Railway, Daejeon 34618, Republic of Korea; k2jh36@naver.com
School of General Education, Yeungnam University, Gyeongsan 38541, Republic of Korea
*  Correspondence: jsahn@ynu.ac.kr

2

Abstract: This paper focuses on improving vehicle collision simulations using finite element analysis
(FEA) to examine interactions between reinforced concrete barriers and bridge decks. Three scenarios
are explored: treating the barrier as a rigid body, analyzing reinforcement with a fixed base, and
including the bridge deck’s cantilever portion beneath the barrier. Except for the rigid body model, a
node-independent approach models the complex interactions between reinforcement and concrete in
barriers on the bridge deck. This study evaluates barrier strength, occupant risk, and post-collision
vehicle safety. Strength is assessed by examining stress in reinforcement and concrete, while occupant
risk is measured using Theoretical Head Impact Velocity (THIV) and Post-impact Head Deceleration
(PHD). Vehicle trajectory during collisions is also analyzed for stability. The results show significant
differences in stress distribution and failure patterns when the bridge deck is considered compared
to scenarios without it. Occupant risk evaluations suggest more flexible responses when the bridge
deck is included. However, vehicle trajectory post-collision showed no significant differences across
scenarios. These findings indicate that modeling efficiency varies based on evaluation criteria,
suggesting a more realistic and effective approach for assessing barriers on bridges.

Keywords: reinforce concrete barrier; finite element model; evaluation of strength performance;
evaluation of occupant risk; evaluation of post-collision vehicle safety

1. Introduction

Reinforced concrete barriers on bridges play a crucial role in ensuring the safety of
vehicle occupants during collisions. As essential components of bridge structures, these
barriers absorb and dissipate collision energy to prevent vehicles from veering off the
road [1]. However, traditional design approaches often simplify the interaction between the
bridge deck and the barrier by assuming that the deck acts as a rigid body, which can lead
to inaccurate assessments of barrier performance [2,3]. The connectivity between the deck
and the barrier was studied in [2,4,5]. Specifically, the research in [4] involved experimental
investigations under static loading. In contrast, the authors of [5] compared experimental
results with numerical analysis outcomes concerning stiffness, crack damage, and failure
modes under static loading. In [2], the study modeled the deck and barrier to conduct a
collision analysis involving truck vehicles, focusing on the failure patterns of the barrier.
With increasing traffic volumes and vehicle speeds, the risk of collisions on bridges has
escalated, necessitating a more precise understanding of barrier design and performance
evaluation. Recognizing the flexibility of the bridge deck in analyzing barrier performance
is essential for developing safer and more efficient barrier designs.

Various numerical analysis methods and experimental approaches [6-8] were used in
the performance evaluation of reinforced concrete barriers. In applying numerical analysis
techniques, many studies frequently utilize the LS-DYNA software (https:/ /Isdyna.ansys.
com/manuals/, access on 1 October 2024), which is specialized for collision analysis and
offers a variety of material models capable of representing concrete. In [2], the continuous
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surface cap model was utilized, whereas in [9], the Mat_Johnson_Holmquist model, which
is primarily used for brittle materials like ceramics, was applied to concrete. In contrast,
the authors of [7,10] treated concrete barriers as rigid bodies; specifically, the authors of [7]
evaluated the risk to occupants of lightweight vehicles and compared it with experimental
results, while those of [10] examined the effects of friction between the vehicle and concrete.
In vehicle collision analysis, the authors of [11] utilized the Mat_Brittle_Damage model to
perform collision analyses for passenger cars, pickup trucks, and large trucks. Moreover, the
authors of [12] conducted an analysis comparing the K&C model and the Winfrith concrete
model and the authors of [13] used the K&C model to derive various parameter values that
are difficult to obtain in large-scale crash tests. Additionally, the authors of [14] applied
the K&C model to rubberized concrete barriers. These studies demonstrate that advanced
material models in finite element analysis (FEA) for concrete barriers have significant
potential in predicting barrier performance across various collision scenarios.

Numerical analysis methods for reinforced concrete barriers, including material mod-
els related to concrete, fundamentally rely on finite element modeling techniques for
reinforced concrete. Although numerous numerical models have been proposed for the
analysis of reinforced concrete structures, none have effectively combined the desired
levels of accuracy, robustness, and computational efficiency needed to predict the be-
havior of these structures [15]. One-dimensional beam elements based on concentrated
plasticity [16] or distributed plasticity [17] struggle to predict the mechanical behavior of
three-dimensional frame structures because they fail to capture local phenomena that affect
shear behavior and the overall structural response. The use of two-dimensional plane
stress finite elements [18,19] can avoid some of the simplified assumptions inherent in
one-dimensional beam elements, such as the effects of shear stress, but they are unsuitable
for full-scale three-dimensional structural analysis as they do not capture out-of-plane
responses. Three-dimensional analyses based on triaxial stress—strain relationships and
embedded reinforcement offer the highest quality approximations, but they still face lim-
itations due to high computational costs and a lack of robustness in some cases [20,21].
These challenges have led various researchers to use different material models and other
elements to conduct analyses of large-scale reinforced concrete structures with sufficient
accuracy and numerical stability [15].

Several methods have been proposed to represent the interaction between the concrete
and reinforcement. The first approach, which is the simplest, assumes reinforcement is
distributed in appropriate directions within concrete elements using a smeared or dis-
tributed representation [19]. For reinforced concrete barriers, the authors of [11] used the
smeared model but it has limitations in representing cracks in the concrete areas around the
reinforcement and the local behavior of the reinforcement. The second approach models
the reinforcement and concrete separately and shares the nodes between the reinforcement
and the concrete [22]. In [23], regarding reinforced concrete barriers, a similar method was
used for modeling. While this modeling approach does not present significant issues in
small-scale modeled barriers and simple beam tests, achieving the appropriate element
ratio in actual concrete structures can take considerable time, and in some cases, modeling
may not be feasible at all. Due to these challenges, sometimes, the rebar arrangement is
ignored, and only the concrete of the barrier is modeled as a rigid body [10]. Additionally,
reinforced concrete barriers can be modeled by connecting solid elements and rebar as
rigid elements [2,9] or with interface elements to represent rebar—concrete friction [5]. How-
ever, this also requires significant time to model complex rebar arrangements. To address
these issues, methods have been proposed that involve independently meshing rebar and
concrete elements and applying additional constraints between them. However, these
methods still require substantial time to connect the two elements. To resolve the issue of
the time required for modeling with additional constraints between rebar and concrete,
the researchers in [12,13] used the Constrained_Lagrange_In_Solid model provided by LS-
DYNA to represent the interaction between rebar and concrete, conducting crash analyses
of reinforced concrete barriers. This method, primarily based on fluid-structure coupling
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analysis to represent interactions between different elements, improves the convenience of
modeling reinforced concrete structures. However, it remains highly dependent on mesh
quality and density [24].

When designing reinforced concrete barriers on bridges, they are often assumed to
be rigid bodies, which distinguishes them from flexible barriers made of steel, aluminum,
or composite materials [25,26]. Additionally, the bridge deck is often not considered
in some cases [26]. Therefore, this study models three cases for comparative analysis:
treating the barrier as a rigid body, analyzing the reinforcement with the lower section
fixed, and modeling the cantilever bridge deck portion beneath the barrier foundation.
Key considerations in barrier design include the strength of the barrier, occupant risk, and
vehicle trajectory. This study investigates the interaction between the reinforced concrete
barrier and the bridge deck. It compares the results of the three models concerning these
design considerations and proposes a rational modeling approach. This research provides
a more precise understanding of the interaction between reinforced concrete barriers and
bridge decks, contributing to the development of safer and more efficient bridge barriers.
The insights gained may be incorporated into future design standards, helping to meet the
growing demand for safe bridge infrastructure.

2. Materials and Methods
2.1. Node-Independent Model for Reinforced Concrete

When modeling reinforced concrete barriers using the finite element method, the
most intuitive approach is to share nodes for the reinforcement and concrete elements.
Concrete is specifically modeled using solid elements, and reinforcement using beam
elements. Reinforcement can also be modeled with truss elements. If bending is minimal
and axial behavior is predominant, truss elements are sufficient; however, beam elements
are preferable for capturing the bending or shear behavior of the reinforcement. Figure 1
illustrates an example of modeling reinforced concrete using solid and beam elements. To
represent the interaction between reinforcement and concrete, nodes are simply shared
without additional constraints. It is important to note that the degrees of freedom for nodes
used in solid elements differ from those in beam elements; so, only translational degrees of
freedom are shared. In Figure 1, the points marked in purple indicate the nodes connecting
the beam and solid elements.

/ Solid element
@ D D )
/

O Nodes in solid elements

q ® Nodes in beam elements

@ Shared nodes between solid and beam elements

T N

C S S D

Beam element

Figure 1. Node-sharing method to connect solid elements and beam elements.

Both the bridge deck and the barriers installed on the bridge feature a complex ar-
rangement of a significant amount of reinforcement in both longitudinal and transverse
directions. Thus, considerable time is required for mesh design to share the nodes of beam
elements representing reinforcement and solid elements representing concrete, making the
finite element discretization process quite cumbersome. Additionally, in such processes,
the aspect ratio of concrete elements may deteriorate to satisfy node sharing. This poor
aspect ratio can reduce the accuracy of the numerical solution. To improve the aspect ratio,
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a very fine mesh design is necessary, which increases computational costs and results in a
large number of elements. To address these issues, a node-independent model that allows
for interaction without matching the nodes of different elements is required. In this study,
the node-independent model using the CBIS (Constrained Beam In Solid) model provided
by LS-DYNA [24,27] is applied to reinforced concrete barriers. In the node-independent
model, nodes of elements corresponding to reinforcement and concrete do not need to
match. Reinforcement and concrete are modeled as beams and solids, respectively. The
beam mesh is submerged in the solid mesh, and each possesses independent motion. The
node-independent model utilizes a master-slave concept to define the interaction between
solid and beam elements. The master for concrete regions is responsible for calculating
strains, stresses, and displacements. The slave for reinforcement derives its strains from
the master and calculates its stresses accordingly. In the current analysis, both velocity and
acceleration need to be constrained to ensure momentum conservation and force balance.
The detailed process is as follows: In the first step, beam nodes distribute their nodal
mass (m), velocity (v), and momentum (mv) to solid nodes (M, V, MV). Next, the master
nodal velocity (V') is calculated by dividing the new momentum by the new mass. Finally,
the velocity (v') interpolated by suitable functions N is assigned to the slave nodes. The
slave nodes can move exactly the same way as master nodes. This process is shown in
Figure 2. Each beam node is known to have not only its nodal mass derived from the
mesh discretization process but also its nodal velocity. However, artificially generated
coupling points lack these properties. Therefore, the velocity at a coupling point should be
interpolated from the beam end nodes.

/ Solid elements

P ¥ O Nodes in solid elements
@ Nodes in beam elements
A Coupling points
\ / \ / \ / «— Compatible displacements between concrete and reinforcement
B — ——— P P

7 NLT NN

Beam elements

C )

M.V M, V' M. J"  Concretg node
o ————°

PR R SV R V4
N /,,, ™

M’ V'= MV + Nmv N 4
— V"= (MV + Nmw)/ M’

Figure 2. Concept of node-independent model.

2.2. Modeling of Reinforced Concrete Barriers

The classification of safety barriers is based on the strength of the facility and is
defined by the impact severity, which is the kinetic energy of a vehicle upon collision. In
South Korea, safety barriers are categorized into nine grades. This study focuses on SB5
(Safety Barrier 5), which is commonly used in highway bridge sections. Figure 3 shows the
standard cross-section of the SB5 grade used by the Korea Expressway Corporation [28].
H13 and H16 indicate reinforcing bars with diameters of 13 mm and 16 mm, respectively.
The total length of the reinforced concrete safety barrier is assumed to be 40 m. The
shape, material model, and meshing of the concrete safety barrier and reinforcing bars
were implemented using LS-PrePost software (R11) [29]. This software is specialized to
effectively perform pre-processing and post-processing for LS-DYNA analysis. Through
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this software, the finite element model, which includes the cantilever part of the bridge

deck and the safety barrier, is depicted considering this standard cross-section and is shown
in Figure 4.
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Figure 3. The geometry and rebar arrangement of the reinforced concrete barrier (unit: mm).

Figure 4. Mesh design for concrete barriers consisting of concrete and reinforcement bars.

The concrete was modeled using 8-node hexahedral elements with one-point Gauss
integration. An hourglass control formulation was used to prevent spurious modes consid-
ering one-point Gauss integration. The reinforcement bars were modeled using Hughes-Liu
beam elements, which provide two nodes, one integration point, an integrated cross-section,
and shear deformation effects. Each node of the beam element has six degrees of freedom,
including three translations and three rotations. Figure 5 compares the cases using the
node-sharing model and the node-independent model. When modeling with a similar
number of elements in both methods, the aspect ratio in the node-sharing model was
about 1.7, whereas it was about 1.2 in the node-independent model. The node-independent
model appears closer to 1 which has numerically more reliable results. Additionally, in the
node-sharing model, the shape of the elements in the concrete barrier where the inclination
angle changes can be distorted without maintaining a rectangular shape, which could
degrade the accuracy of numerical analysis. Moreover, the node-sharing model can be very
cumbersome because it requires matching the positions of the nodes of the reinforcement
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bars and concrete. Since both models have similar accuracy under sufficient mesh refine-
ment [30], the node-independent model, which is more efficient in modeling and analysis

time, was adopted in this study.
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Figure 5. Comparison of node-sharing method and node-independent model for reinforced concrete

barriers: (a) node-sharing method and (b) node-independent model.

Three test models are considered for finite element analysis of reinforced concrete

barriers, as shown in Figure 6. The first model (Case 1) is the simplest and has been used
in several studies [31,32] to model barriers by assuming the reinforced concrete barrier
as a rigid body with infinite stiffness. The second model (Case 2) is based on the node-
independent model, considering the reinforcing bars placed inside the concrete barrier but
not taking into account the bridge deck. In other words, it ignores the deformation of the
bridge deck, thus fixing the displacement at the bottom of the barrier. The third model

(Case 3) is the most realistic, taking into account both the reinforced concrete barrier and

the reinforcing bar arrangement of the bridge deck.

Deformable
concrete

Deformable

concrete Longitudinal

Rigid concrete
reinforcement

Longitudinal
reinforcement

Stirrup

(b) (o)

Figure 6. Three test models for the reinforced concrete barriers: (a) Case 1; (b) Case 2; (c) Case 3.

(a)

2.3. Vehicle Model
The performance of reinforced concrete barriers is evaluated from three perspectives:

the strength performance of the reinforced concrete barrier, the assessment of occupant
risk, and post-collision vehicle safety. For this purpose, two vehicle finite element models
provided by the National Crash Analysis Center (NCAC) at George Washington Univer-
sity were used. These virtual models were specifically designed for evaluating barrier
performance. The strength performance evaluation typically uses heavy trucks weighing
between 8 t and 36 t, while the models for assessing occupant risk range from 0.9 t to 1.5 tin
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passenger cars. The reinforced concrete barrier considered in this study was designed as a
rigid body, using a 16 t truck for the strength performance evaluation and a 0.9 t passenger
car for occupant risk assessment [26,28]. Therefore, in this study, an analysis was performed
on three reinforced concrete barriers using the 16 t truck and 0.9 t passenger car model.
Figure 7a shows a truck model weighing 14 t, and Figure 7b shows a passenger car model
weighing 0.9 t. Post-collision vehicle safety is evaluated for both vehicle types. As shown
in Table 1, the impact conditions for each vehicle are presented, where the impact angle
refers to the angle between the longitudinal direction of the barrier and the direction of the
vehicle’s motion.

(b)

Figure 7. Finite element models for vehicles: (a) truck model; (b) passenger car model.

Table 1. Impact conditions for different vehicle types.

Vehicle Type Impact Speed (km/h) Impact Angle (°)
Truck 80 15
Passenger car 100 20

2.4. Material Models for Concrete and Reinforced Steel

In Case 1, since the concrete barrier is considered a rigid body, the rigid material model,
Material Type 20 [33], provided by LS-DYNA is used. Although the elastic modulus of
concrete needs to be input for this model, it is not because the concrete barrier is considered
deformable, but rather to calculate the friction during the collision between the barrier and
the vehicle. For Case 2 and Case 3, the Material 159 model [34] provided by LS-DYNA
is used to represent the concrete damage behavior. A key feature of this model is the
Continuous Surface Cap Model (CSCM), where the shear failure and compressive surface
are “blended” to form a smooth or continuous surface. The material rate effect is modeled
as visco-plasticity, and when the damage accumulation reaches unity, the element loses
both strength and stiffness. An advantage of this model is that it is not sensitive to mesh
size, maintaining consistent fracture energy regardless of element size [35]. To represent
the interaction between the solid elements of the concrete and the beam elements of the
reinforcement, the Constrained_Beam_In_Solid (CBIS) option is used. Table 2 shows the
material properties of concrete and reinforcement.
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Table 2. Material properties of concrete and reinforced steel.

Property Concrete Reinforced Steel
Density (t/mm?3) 235 x 107 7.8 x 1079
Elastic modulus (MPa) 28,800 200 x 103
Poisson’s ratio 0.25 0.3
Yield strength (MPa) - 400
Compressive strength (MPa) 35 -
Maximum aggregate (mm) 19 -

2.5. Overview of the Research Methodology

The methodology of this study comprises a systematic series of steps aimed at analyz-
ing finite element modeling techniques for reinforced concrete structures and evaluating
various scenarios based on these techniques. Each step is structured as illustrated in
Figure 8. Through this systematic approach, this study comprehensively evaluates the
performance and safety of reinforced concrete barriers installed on bridges.

Analysis of finite element modeling techniques for reinforced
concrete barriers: a comparison of node-sharing and node-
independent models

|

Selection of the node-independent model for the study utilizing the
CBIS model

|

Utilization of LS-DYNA and LS-PrePost Software

|

Design of three test models: Case 1, Case 2, and Case 3

|

Definition of material models for reinforcement and concrete

|

Mesh generation using geometry of reinforcement and concrete

|

Setup of vehicle models: truck and passenger car

|

Setup of boundary conditions including contact conditions and
option settings for numerical analysis

|

Performing dynamic explicit analysis for Case 1, Case 2, and Case 3

| | |

Evaluation of post-collision vehicle
safety

Evaluation of strength performance

. Evaluation of occupant risk
using stresses

Figure 8. Flowchart illustrating research methodology.

3. Results
3.1. Evaluation of Strength Performance

In evaluating the strength performance of the barriers, only the results from Case 2
and Case 3, where a truck collision is simulated, are considered. Case 1 is excluded because
it assumes the concrete barrier as a rigid body, resulting in no stress or deformation in
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the analysis. In Case 2 and Case 3, the von Mises stress in the steel reinforcement and the
maximum principal stress in the concrete are compared. Figure 9 shows the von Mises
stress distribution in the steel reinforcement. In Case 2, the maximum von Mises stress is
382 MPa, occurring on the inclined surface of the concrete barrier. In contrast, in Case 3,
the maximum von Mises stress appears in the deck reinforcement with a value of 399 MPa.
It is also observed that the locations of maximum von Mises stress differ between Case 2
and Case 3, with the stress distribution being more extensive along the length of the barrier
in Case 3. Figure 10 illustrates the maximum principal stress in the concrete. In Case 2, the
maximum principal stress is approximately 2 MPa, occurring diagonally at the point where
the angle of the inclined surface changes, and at the junction between the concrete barrier
and the bridge deck.
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Figure 10. Cont.
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Figure 10. Principal stresses of concrete: (a) Case 2; (b) Case 3.

3.2. Evaluation of Occupant Risk

To assess occupant risk for the reinforced concrete barrier, a passenger car was used
as the collision vehicle to obtain THIV (Theoretical Head Impact Velocity) and PHD (Post-
impact Head Deceleration) values. When evaluating the risk to occupants after a vehicle
collision with a barrier, both THIV and PHD are considered because they complement each
other. THIV indicates the intensity of the initial impact on the occupant’s head during the
collision, while PHD relates to the sustained force on the head afterward. By assessing
both factors, one can evaluate the initial impact and subsequent deceleration process
comprehensively, leading to a better understanding of the potential risks to occupants and
informing barrier design. The collision event lasted approximately 0.2 s, after which the
vehicle returned to its original lane. For the THIV calculation, the moment of collision
was set as time zero, and data collected from 0 to 0.2 s were used. The maximum THIV
value within this interval was used for evaluation. Figure 11 shows the THIV values over
time for each case, with the maximum value between 0 and 0.2 s being designated as the
THIV value. Case 1 recorded 33.0 km/h, Case 2 recorded 30.6 kmm/h, and Case 3 recorded
27.8 km/h. Case 1 had a THIV that was 8% higher than that of Case 2, and that of Case
3 was 9% lower. Similarly, PHD values were calculated over the same time interval, and
Figure 12 illustrates the changes in PHD values over time. For evaluation purposes, the
maximum values were used: Case 1 reached 19.7 g, Case 2 reached 17.4 g, and Case 3
reached 16.4 g, with g representing the gravitational acceleration of 9.8 m/s?. The PHD
of Case 1 was approximately 13% higher than that of Case 2, while that of Case 3 was
6% lower. It was observed that the THIV values showed little change near their maximum
after approximately 0.1 s post-collision, whereas PHD values reached their maximum
between the collision and 0.06 s, subsequently converging towards zero. Figures 11 and 12
show fluctuations in values because, during a collision, multiple parts of the vehicle impact
over a very short period rather than at a single point. The vehicle model consists of
hundreds of material models, which can result in varying levels of energy absorption
depending on the collision. These processes are reflected in the changes in THIV and PHD
values over time. Case 1 shows a greater range of value changes compared to Cases 2
and 3 due to its lower flexibility. Consequently, the maximum value is also the largest.
Around 0.1 s in Figure 12, the higher values for Case 1 compared to the other cases may be
attributed to more severe damage to its bumper in a previous collision, resulting in greater
force exerted on the occupant as the vehicle impacts other components.
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Figure 11. Variation in THIV with respect to time for different cases.
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Figure 12. Variation in PHD with respect to time for different cases.

3.3. Evaluation of Post-Collision Vehicle Safety

To verify the stable behavior of vehicles after a collision, the trajectories of the truck
and passenger car before and after the collision were examined. Figure 13 shows the vehicle
trajectories before and after the collision with the barrier for Case 1, Case 2, and Case 3,
indicating that in all cases, the vehicles return to their original lanes after 0.8 s. Similarly,
Figure 14 illustrates the vehicle trajectories for the passenger car in Case 1, Case 2, and
Case 3, showing that the vehicles return to their original lanes after 0.3 s. In terms of
post-collision stability evaluation for both the truck and the passenger car, there are no
significant differences among the three models.
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Figure 13. Post-impact trajectory of trucks: (a) Case 1; (b) Case 2; (c) Case 3.
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Figure 14. Post-impact trajectory of passenger cars: (a) Case 1; (b) Case 2; (c) Case 3.

4. Discussion

The node-sharing model has a slight advantage in terms of computation time com-
pared to the node-independent model, as it does not require additional constraint equations
related to the interaction between concrete and reinforcement. However, for the node-
sharing model, as the complexity of the system’s geometry to be analyzed increases, the
time required for the preprocessing phase can significantly increase. Additionally, using the
node-sharing model can lead to poor aspect ratios of solid elements, which negatively affect
the accuracy and reliability of numerical analysis results. In other words, as the nonlinearity
and complexity of the geometry represented in the system increase, the complexity of mod-
eling and the magnitude of increase in analysis time can also become greater. Therefore,
while the computation time for the node-independent model may slightly increase, using
the node-independent model for the impact analysis of reinforced concrete barriers can
avoid the major issues associated with the node-sharing model. The node-independent
model adopted in this study provides a simplified modeling approach for actual reinforced
concrete barriers.

Next, the strength performance of the reinforced concrete barrier was evaluated by
comparing scenarios with and without the bridge deck. Due to the differing material
properties of reinforced concrete structures, distinct criteria are needed to assess stresses in
the steel reinforcement and the concrete. For steel reinforcement, von Mises stress is applied
to predict yielding under multiaxial stress conditions in ductile materials. This approach
provides a scalar value indicating potential yielding under complex loading conditions.
Excluding the bridge deck, the stress reached 382 MPa, and with the deck, it reached
399 MPa, approaching the yield stress of 400 MPa. Consequently, some reinforcement may
yield as a result of the collision. Notably, the yielding location varied: without the bridge
deck, yielding occurred in the sloped section at the barrier’s lower part, whereas with the
deck, significant stress was observed at the connection between the barrier and the deck.
Additionally, considering the bridge deck resulted in significant stress at the connection and
larger stresses over an extended area along the barrier’s length. Concrete, being inherently
brittle, shows reduced strength under axial stress. Therefore, the maximum principal stress
was evaluated against the compressive strength of 35 MPa to verify any exceedance. In
both scenarios, the maximum principal stress was approximately 2 MPa, indicating no
significant difference in concrete strength evaluation between the models.

Passenger impact severity was evaluated using a passenger car as the impact vehicle,
with THIV and PHD serving as indicators. THIV is calculated as the instantaneous relative
velocity between the vehicle and the passenger’s head during the collision with the barrier,
causing the head to impact an imaginary surface freely within the vehicle’s interior. This
indicator assesses the impact energy received during the collision, predicts the severity
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of head injuries, and indicates potential passenger injury levels. PHD is based on the as-
sumption that after the passenger’s head impacts an imaginary surface within the vehicle’s
interior, it directly experiences the vehicle’s deceleration. It is calculated as the maximum
average deceleration over 10 milliseconds. This indicator plays a crucial role in assessing
head and neck injury risks and verifying the effectiveness of vehicle safety devices. In the
Republic of Korea, the allowable standard for THIV is 33 km/h or less, and for PHD, it
is 20 g or less [26]. The values for a rigid model are 33.0 km/h and 19.7 g, respectively;
for a deformable model without the bridge deck, they are 30.6 km/h and 17.4 g; and for
a deformable model with the bridge deck, they are 27.8 km/h and 16.4 g. This suggests
that rigid body modeling may lead to a more conservative assessment of passenger impact
severity, which could be less economically advantageous, while including the bridge deck
might allow for a more economical design.

In terms of vehicle movement post-collision, when a vehicle collides with a barrier, the
movement of the colliding vehicle can affect following vehicles depending on the distance
between them and the available lateral space for avoidance. In such cases, the colliding
vehicle should not abruptly stop or overturn and must remain on the roadway. Additionally,
the vehicle’s center of gravity should not cross the centerline of the deformed barrier. It
should change direction smoothly without significant snagging, minimizing impact on
oncoming or parallel vehicles. All three models showed similar results in terms of vehicle
safety. This suggests that assuming the barrier as a rigid body without considering the
bridge deck and treating the barrier foundation as a fixed point may be a more efficient and
practical modeling approach than conducting complex modeling analyses when verifying
vehicle stability before and after collisions.

One limitation of this study is that the evaluation was based on the standard cross-
section of the SB 5 grade reinforced concrete barrier proposed by the Korea Expressway
Corporation. Since vehicle barriers installed on bridges come in various grades, further
studies on different barrier grades are necessary to substantiate the results of this research.
Additionally, to ensure passenger safety, further research is required to consider various
parameters, such as the direction and magnitude of impact loads.

5. Conclusions
The conclusion of this study can be summarized in the following key points:

e  This study demonstrates that utilizing a node-independent model for collision anal-
ysis of reinforced concrete barriers effectively eliminates the need for node sharing,
reducing the time and complexity involved in the modeling process.

e  The strength performance comparison between steel reinforcement and concrete
revealed differences based on the presence of the bridge deck. Higher stress occurs
over a larger area when the bridge deck is included, which is crucial for considering
economic efficiency in the design process.

e  The assessment of passenger impact severity using THIV and PHD indicators showed
that the deformable model with the bridge deck provides more favorable results in
terms of passenger safety. This suggests that including the bridge deck in the design
may be more advantageous, particularly from an economic standpoint.

e Interms of vehicle stability post-collision, all three models produced similar results.
This indicates that an approach assuming the barrier as a rigid body without con-
sidering the bridge deck and treating the barrier foundation as a fixed point may be
practical. It suggests the potential to efficiently verify vehicle stability without complex
modeling analyses.

e  These findings provide important guidelines for the design and evaluation of rein-
forced concrete barriers. Future research should include additional experiments and
analyses under various conditions to further validate these results.
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