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Abstract

Bridge rail-to-guardrail transitions are designed to shield unprotected ends of bridge rails, which are fixed-obstacle
hazards. These structures should provide an effective transition between longitudinal barriers with different lateral
stiffness and contain and redirect impacting vehicles without any contact with the rigid sections of the system.
Recently, a full-scale crash test was performed on a vertical flared back concrete bridge rail-to-guardrail transition
design to evaluate its compliance with the NCHRP Report 350 test level 3 requirements. Due to vehicle rollover the
design failed to meet the requirements. To gain an insight about the crash test details, a finite element simulation
study was performed.Accuracy of the simulation was verified using qualitative and quantitative comparisons. Based
on in-depth examination of crash test and simulation recordings, W-beam height of 685 mm was determined to be the
main cause for vehicle rollover. In the light of this finding, the current transition model was modified to have 810 mm
top rail height. Subsequent simulation results predict that the improved model performs much better in containing
and redirecting the impacting vehicle in a stable manner. No wheel snagging was observed due to increased rail
height. The overall performance of the transition design was so good that consideration is given to testing it to next
level of testing, test level 4. Therefore, a follow up finite element simulation study is recommended.
� 2004 Elsevier B.V. All rights reserved.
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Nomenclature

NCHRP National Cooperative Highway Research Program
NHS National Highway System
FHWA United States Federal Highway Administration
AASHTO American Association of State Highway and Transportation Officials
TTI Texas Transportation Institute
ET-2000 Extruding End Terminal 2000
LS-DYNA Livermore Software Dynamic Non-Linear Finite Element Program
LSTC Livermore Software Technology Corporation
SPC single point constraint
LET longitudinal barrier end terminal
K elastic stiffness of unmodeled guardrail
A cross-sectional area of a W-beam
E elastic modulus of steel
L length of the unmodeled W-beam length
NCAC National Crash Analysis Center
�t LS-DYNA time step size
n time integration loop number
N number of elements in the finite element model
� scale factor for stability
� coefficient of friction
TRAP Test Risk Assessment Program
NARD Numerical Analysis of Roadside Design
CEN European Committee for Standardization
OIV occupant impact velocity
ORA occupant ridedown acceleration
THIV theoretical head impact velocity
PHD post-impact head deceleration
ASI acceleration severity index

1. Introduction

Flared-end concrete parapet walls or bridge rail designs on reinforced concrete bridge structures have
been predominantly used along the National Highway System (NHS) in the US and many other countries
[1]. Early wall designs were constructed as vertical members. Later on, as shown inFig. 1, these walls
started to incorporate flares at both ends, called wingwall. The flared design was integrated to vertical
walls for three basic reasons: (i) to provide an increased containment against run-of-the-road accidents,
(ii) to smoothen blunt-ends at the wall termination points by curving, and (iii) to remove potential snag
points away from the path of impacting vehicle. The flared-end designs helped somewhat to reduce the
severity of run-of-the-road accidents. However, due to the lack of vehicle redirection characteristic and
presence of unprotected ends, the flared-end design continued as a safety hazard, particularly to vehicles
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Fig. 1. Picture of a vertical flared back longitudinal barrier.

impacting head-on. The permanent solution to this problem was to shield the rigid unprotected ends of the
wall either with an energy-absorbing device or with a crashworthy-approach guardrail, more commonly
called transition guardrail[1].

Nationwide, most longitudinal barrier transitions consist of a semi-rigid approach W- or thrie-beam
guardrail system connecting to a rigid bridge rail, wingwall or parapet or other rigid wall. Field reviews
show that most transitions are constructed between the concrete bridge rail and strong-post W-beam
guardrail[2,3]. Developing acceptable transition designs for bridge rail-to-guardrail transitions has been
long considered to be one of the most challenging research areas for roadside safety engineers. In order
to solve safety problems with vehicles impacting the ends of bridge rails, a family of transition designs
was subjected to passenger car impacts in accordance with the recommendations of National Cooperative
Highway Research Program (NCHRP) Report 230[4]. These transition designs were widely used in
the United States for more than a decade. However, after the advent of the new crash-testing guidelines
outlined in NCHRP Report 350, these same transition designs were re-evaluated using pickup truck
impacts. Results showed that most of the existing transition designs were inadequate and caused vehicle
rollovers.

In this study, impact performance of one of the failed bridge rail-to-guardrail transitions is investigated
in detail. Both crash test data and advanced finite element simulation techniques were used to identify
design shortcomings with the transition design. After identification, potential design improvements were
assessed and a modified transition design was developed using finite elements. The modified transition
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design was subjected to a crash test simulation and the change in impact performance observed in both
simulation studies were compared and documented.

2. Bridge rail-to-guardrail transitions

Whenever two longitudinal barriers having dissimilar lateral stiffnesses are attached, construction of
distinct section between these two barriers becomes essential. As shown inFig. 2, a complete bridge rail-
to-guardrail transition is made of five distinct sections, namely, bridge rail, wingwall, transition guardrail,
approach guardrail, and standard guardrail. These sections are designed for safe transition of the stiffness
from a flexible guardrail to a stiffer, often rigid, bridge rail. Transition, length of approach and standard
guardrail sections differ from each other based on post spacing and post embedment depth. It is important
to note that the stiffness of the design should gradually increase towards the bridge rail end. Often, this
is achieved by reducing post spacing and increasing guardrail thickness.

Crash performance of guardrail-to-bridge rail transition structures, similar to all other roadside safety
appurtenances, is evaluated according to the NCHRP Report 350 crash-testing guidelines[5].According to
these guidelines, during a crash test, transition structures should contain and smoothly redirect impacting
vehicles ranging from 800 to 8000 kg. Moreover, integrity of transition section and stability of vehicle
should be maintained throughout the test duration. Note that acceptable transition designs could be tested
against heavier vehicular impacts; however, no transition design had been tested with vehicles heavier than
8000 kg so far. Previous crash tests on transition designs show that for a transition design to satisfy crash-
testing requirements vehicle’s hood or wheel should not snag on rigid bridge rail sections or guardrail
posts throughout the crash event. Maximum dynamic lateral deformation of the transition should be
limited so that the vehicle would not be guided right into the rigid edges of the bridge rail. Moreover, it is
generally known that the spacing, cross-section and embedment depth of posts, type, height, shape and
anchorage of guardrail, interaction between posts and offset blocks and type and geometry of bridge rail
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Fig. 2. A complete guardrail-to-bridge rail transition.
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can have a significant impact on the crash performance of transition designs. All these above-mentioned
variables are considered to be the important aspects of transition design since they greatly influence the
lateral stiffness, lateral deformation characteristics, and snag prevention capability of transition designs,
post-impact vehicular trajectory of impacting vehicles, and hence the overall performance of crash tests.

Bridge rail-to-guardrail transitions are constructed using structural members, such as steel and wooden
guardrail posts, steel W-beam, thrie-beam or rub rails, wooden or steel offset blocks in variable sizes and
dimensions. As mentioned before, the lateral stiffness of transition structures is gradually increased from
guardrail section to transition section by reducing post spacing and increasing rail thickness[6]. It was
suggested that the transition length be approximately 10–12 times the difference in dynamic deflections
between the joining barriers. It is recommended that strong posts with blockouts be used to prevent vehicle
snagging on the posts. Rub rails are considered desirable on the standardW-beam and box-beam guardrails,
particularly when the end of the approach guardrail is terminated in a recessed area of the concrete wall or
parapet. On a per unit length basis, a channel rub rail contains more steel than a W-beam rail. This makes
the rub rail a strong stiff beam element. Since rub rails were fairly expensive thrie-beam rail was developed
to be an economical substitute for a W-beam combined with a rub rail. Currently, there are many bridge
rail-to-guardrail transition designs approved by the FHWA for use on NHS containing both W-beam–rub
rail combination and thrie-beam rail. More details on these designs can be found in Federal Highway
Administration (FHWA) Office web page athttp://safety.fhwa.dot.gov/fourthlevel/hardware/listing.cfm
[7].

3. Full-scale crash test on bridge rail-to-guardrail transition

Recently, several full-scale crash tests were performed on different transition designs by a number of
research institutions. Most of these tests were sponsored by the FHWA and these tests were intended to
investigate the compatibility of currently used transition designs with the NCHRP Report 350 test level
3-21 requirements. The results of this test series showed that sometimes seemingly minor variations in the
transition design might result in unacceptable performance. For example, the W-beam rub rail transition
with 810 mm rail height and W150×14 posts satisfied the recommendations of Report 350 whereas very
similar transition with 685 mm rail height and W200× 19 posts did not.

The W-Beam with rub rail and steel posts transition to the vertical flared back concrete bridge rail was
one of those designs that received support from FHWA for testing at test level 3 (TL-3) conditions. The
test was performed (test designation 3-21) involved the 2000 kg pickup truck traveling at a nominal speed
and angle of 100 km/h and 25◦ impacting the critical impact point of the transition section. This test is
intended to evaluate the strength of the section in containing and redirecting the pickup truck. The test
was performed at Texas Transportation Institute (TTI) proving ground facility at Riverside Campus area
and the test was given the number 404211-4[8].

3.1. Description of test article

The crash tested installation consisted of a portion of simulated bridge rail, a wingwall, a transition,
an approach guardrail, and a guardrail terminal. The concrete safety shape simulated bridge rail was
2440 mm long and had a foundation wall that extended 940 mm below grade. The wingwall extended
from the simulated bridge rail a longitudinal distance of 3900 mm. The wingwall was embedded 2300 mm

http://safety.fhwa.dot.gov/fourthlevel/hardware/listing.cfm
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below grade. The traffic face of the wingwall transitioned from a safety shape to a vertical face over a
distance of 2300 mm. The vertical face extended another 750 mm and then flared back a distance of
215 mm over a longitudinal distance of 850 mm. The top height of the vertical wall was 810 mm. The
approach guardrail (7620 mm long) was a 2.67-mm-thick (12-ga) W-beam mounted on W150× 14 steel
posts spaced at 1905 mm with 150 mm wide× 200 mm deep×356 mm long wood blockouts. Mounting
height to the top of the rail element was 685 mm. An ET-2000 terminal (15.24 mm long) was installed at
the end of the guardrail.

The transition, starting from the guardrail end, consisted of a 3810 mm length of 2.67-mm-thick (12-
ga) W-beam mounted on W150× 14 steel posts and 150 mm wide×200 mm deep×356 mm long wood
blockouts. Mounting height of the rail element was 685 mm to the top. Proceeding towards the transition,
two nested, 2.67-mm thick (12-ga) W-beam sections were used and connected to the concrete bridge rail
with a 2.67-mm thick (12-ga) standard terminal connector. A 168.3-mm-diameter by 250-mm-long steel
spacer tube was installed between the W-beam and flared back bridge rail. The first four posts adjacent
to the concrete bridge rail at the transition section were spaced at 476 mm. The first three posts located at
the same section were W200× 19× 2290 mm long and were embedded 1605 mm into the ground. The
rub rail was a C152× 12.2 channel section and made from bent plate.

Tapered wood blockouts were used at the first three posts, no blockout at post 4, and the rub rail was
bent back and terminated on the field side of post 5. Holes, 610 mm in diameter, were drilled for each
post. The post was installed and the hole backfilled with NCHRP Report 350 standard soil (Georgetown
crushed limestone). Similar backfill was used around the wingwall and the foundation for the simulated
bridge rail. Pictures of the transition, including the rub rail, posts, and connections, are shown inFigs. 3
and4. Additional details on this particular bridge rail-to-guardrail transition design can be found in the
test report by Buth et al.[8].

3.2. Crash test description

The vehicle, as shown inFig. 4, traveling at 101.2 km/h, impacted the vertical flared back transition
0.69 m from the end of the bridge parapet at a 24.7◦angle. Shortly after impact, posts 4, 3, and 2 moved,
followed by movement at posts 1 and 5. At 0.052 s, redirection of the vehicle began. The concrete parapet
moved at 0.058 s and the driver’s side window shattered at 0.108 s. The right-front and left-rear tires lost
contact with the ground at 0.102 and 0.183 s, respectively. At 0.170 s, the right-rear tire lost contact with
the ground. The vehicle, traveling at 80.2 km/h, was parallel to the installation at 0.173 s. At 0.174 s, the
rear-left side of the vehicle contacted the rail element between posts 3 and 4. At 0.304 s, the rear-left
tire lost contact with the concrete parapet and the left-rear tire lost contact with the ground. The vehicle
lost contact with the concrete parapet at 0.399 s, and was traveling at 75.7 km/h and an exit angle of
5.2◦. After exiting the transition, the vehicle yawed clockwise and rolled counterclockwise. The vehicle
subsequently rolled one revolution and came to rest upright 56.4 m down from the point of impact and
9.9 m toward traffic lanes. Sequential photographs of the test period are shown inFig. 5. Brakes on the
vehicle were applied 8.3 s after impact.

3.3. Crash test results

The vertical flared back bridge rail-to-guardrail transition contained and redirected the vehicle. As
shown inFig. 6, test article received moderate damage. The amount of crush in the pipe located between
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Fig. 3. Vertical flared back bridge rail-to-guardrail transition before crash test 404211-4.

Fig. 4. Vehicle/installation geometrics before crash test 404211-4.
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Fig. 5. Sequential photographs for crash test 404211-4.

the wingwall and W-beam was approximately 30 mm. This small deformation proved that the lateral
movement in test article was also small. After the impact the bridge rail remained relatively intact and
lateral deformation was negligible. The vehicle did not penetrate, underride, or override the installation.
Maximum dynamic deflection was 0.17 m. No detached elements, fragments, or other debris were present
to penetrate or to show potential for penetrating the occupant compartment, nor to present undue hazard
to others in the area. Maximum deformation of the occupant compartment was 75 mm (7% reduction
in space) in the center floor pan area. After exiting the transition, the vehicle rolled one revolution and
came to rest upright, 9.9 m toward traffic lanes. Longitudinal occupant impact velocity was 6.6 m/s and
longitudinal ridedown acceleration was−6.1g’s. Exit angle at loss of contact was 5.2◦, which was less
than 60%, of the impact angle. Due to vehicle rollover after exiting the transition, it was judged that the
design had failed to meet the requirements for NCHRP Report 350 test designation 3-21.

After carefully reviewing the crash test recordings, reason for vehicle rollover was determined to be the
insufficient height of W-beam rail. As noticed from crash test pictures, the vehicle roll was precipitated
after the rear end of vehicle impacted the W-beam. As shown inFig. 5, when vehicle became parallel
with the transition, W-beam was unable to resist impact forces generated by the truck bed due to its
insufficient height. As a result, W-beam impacted the rear impact-side tire, which created an overturning
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Fig. 6. Transition after crash test 404211-4.

moment about the vehicle’s center of gravity. Consequently, vehicle rolled one revolution after exiting
the terminal. It is believed that the W-beam with raised mounting height could have prevented vehicle
rollover by adequately supporting the rear of the vehicle. This, in turn, could have eliminated development
of additional overturning moments and resulted acceptable crash test performance.

4. Finite element simulation study

Since it is not possible, at this moment, to perform another full-scale crash test on the vertical flared
back concrete bridge rail-to-guardrail transition design with improved details; it was decided to use an
alternate method. A reliable and widely accepted finite element simulation study was performed using
LS-DYNA, a non-linear finite element analysis program[9]. The intent for the analysis was two fold:
(1) to accurately simulate the observed full-scale crash test behavior and further investigate the design
shortcomings, and (2) to compare the effects of different design alternatives that result in acceptable crash
test performance in a cost-effective manner.
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Fig. 7. Finite element representation of crash tested vertical flared back transition.

4.1. Finite element modeling techniques

To achieve these objectives, a baseline transition model of the bridge rail-to-guardrail model was
developed. It is clear that without the presence of a reliable model no further investigations can be
performed with confidence. The baseline model consisted of different components. These components
include: vertical flared back concrete bridge rail, wooden offset blocks, steel posts, W-beam, rub rail and
steel pipe. A vehicle model was also necessary to simulate impact.

Necessary care was paid while modeling the bridge rail-to-guardrail transition. As shown inFig. 7,
the baseline model consisted of standard guardrail, approach guardrail, transition guardrail, wingwall
and bridge rail sections. These sections were connected using a W-beam rail. A rub rail model was also
developed below the W-beam to prevent potential wheel snagging. Note that all the dimensions in the
baseline model correspond to those of the transition structure crash tested in 404211-4. The standard
and approach guardrail sections of the model included W150× 14 steel posts. A total of 10 posts were
modeled in these two sections. Steel posts were modeled using constant thickness shell elements. The
material and section properties for these posts were taken from the models of standard strong guardrail
posts developed for a previous study[10] and were tabulated inTable 1. For the transition section, three
W200×19 posts were modeled. Other than the increased size and embedment depth, all other parameters
for W200×19 post model were same as those of W150×14 post model. To connect steel posts to W-beam
rail 150 mm wide×200 mm deep×356 mm long wooden offset blocks were modeled. As shown inFig.
7, offset blocks with smaller dimensions were modeled to separate rub rail from the transition section
posts. Material and section properties used for the wooden blocks were obtained from a previous study
by the authors[11] and were tabulated inTable 1. All offset blocks were modeled using solid elements
with a single point integration rule. Moreover, since offset blocks remained relatively intact during the
full-scale crash test 404211-4, an elastic material definition was used for computational efficiency. These
approximations were determined to be fairly accurate in representing the wooden block behavior during
baseline model simulation and greatly reduced the processing time.

Properties obtained from a previously validated model were used to represent 12-gauge W- beam in the
baseline simulation study[10]. Constant thickness shell elements were utilized to model two 3810 mm
long rail sections. Properties of W-beam rail used in the simulation study are tabulated inTable 2. W-beam
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Table 1
Steel posts and wooden offset block properties used in the transition model

Steel post properties LS-DYNA Input

Material type Piecewise linear plastic material with failure (Type 24)
Element type 4-Noded shell (constant thickness)
Modulus of elasticity (MPa) 200,000
Yield stress (MPa) 336.8
Density(t/mm3) 7.85E-09
Poisson’s ratio 0.3
Failure plastic strain None
Effective plastic strain 0.000 0.026 0.045 0.108 0.203 0.254 0.277 0.300
True stress (MPa) 336.8 337.1 401.2 490.9 555.2 604.6 657.7 677.4

Wooden offset block properties

Material type Elastic (Type 1)
Element type 8-Noded solid (1 point integration)
Modulus of elasticity (MPa) 11000
Density(t/mm3) 6.10E-08
Poisson’s ratio 0.3

Table 2
W-beam rail material properties used in the transition model

Steel W-beam rail properties LS-DYNA input

Material type Piecewise linear plastic material with failure (Type 24)
Element type 4-Noded shell (constant thickness)
Modulus of elasticity (MPa) 200,000
Yield stress (MPa) 450
Density(t/mm3) 7.85E-09
Poisson’s ratio 0.3
Failure plastic strain 0.22
Effective plastic strain 0.000 0.025 0.049 0.072 0.095 0.140 0.182 0.750
True stress (MPa) 450.0 508.0 560.0 591.0 613.0 643.0 668.0 840.0

Concrete bridge rail properties
Material type Rigid (Type 20)
Element type 8-Noded solid (1 point integration)
Modulus of elasticity (MPa) 11,000
Density(t/mm3) 6.10E-08
Poisson’s ratio 0.3

was attached to offset blocks using rigid links in LS-DYNA. As observed in crash test 404211-4, none of
the W-beam to post attachments were separated. Thus, utilization of non-failing rigid links was judged
to be a reasonable approximation in representing the connection between W-beam and offset blocks. The
thickness of the first 3810 mm long W-beam section after the concrete wall was doubled in the model to
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represent nesting. The rub rail was also modeled to represent C152×12.2 section. Material and sectional
properties were similar to those of the W-beam. Rub rail was also attached to offset blocks and steel posts
using non-failing rigid links.

The bridge rail and wingwall was modeled using 8-noded solid elements. Since both bridge rail and
wingwall remained undamaged during the full-scale crash tests, rigid material definition was used to model
both sections. This definition required the material properties of concrete, such as density, modulus of
elasticity and Poisson’s ratio and these values were input in the program (seeTable 2). Also, movement
of both bridge rail and wingwall was restricted throughout the impact event due to their large foundation
structure. For this reason, movement of both bridge rail and wingwall were constrained using SPC option
in LS-DYNA. This approximation was fairly accurate in representing the rigid nature of concrete sections.
A steel pipe was also modeled between the wingwall and W-beam using 4-noded shell elements. Material
and section properties were similar to other steel members in the model. A picture of the modeled pipe
can be seen inFig. 7.

LET end terminal was not included in baseline model to reduce processing time. Linear springs were
attached to the end of W-beam rail to simulate an anchored system. These springs provided rail-end condi-
tions approximating a continuance of the guardrail system. The stiffness of the end springs corresponded
to the stiffness of the unmodeled section of W-beam and is calculated from the relationship

K = AE

L
,

whereK, A, andE are the elastic stiffness of the unmodeled guardrail, the cross-sectional area of a
W-beam and the elastic modulus of steel, respectively, andL is the length of the unmodeled W-beam
length. The post soil interaction is modeled using springs attached directly to the face of each post below
the ground surface as described by Atahan[10]. The stiffness specified for each of the non-linear springs
corresponded to a dense NCHRP Report 350 strong soil. The ground was represented by a finite length
non-moving rigid wall in LS-DYNA.

A modified version of the National Crash Analysis Center’s (NCAC) version 8 of the C-2500 reduced
pickup truck finite element model was used in the simulations[12].This particular non-linear finite element
vehicle model was developed and validated using multiple impact data. Its front and rear suspension
systems, steering system, drive shaft, engine block, tires and other crucial parts were modeled through a
detailed component testing program at NCAC[13]. Recent finite element simulation studies using this
particular vehicle model demonstrated that the C-2500 model is fairly accurate in representing impact
simulations[14].

In the present study, several modifications were made to the vehicle model before using it in simula-
tion studies. Certain frontal and rear parts of the vehicle impacting transition model were remeshed to
more accurately model the large deformations that accumulate during impact. These modifications were
necessary to improve the model’s ability to accurately simulate contact between the vehicle and transi-
tion model and prevent any unrealistic nodal penetrations. Mesh refinement was done for the front-left
fender, bumper, left side tires, impacting side door and truck bed. Note that these modifications can be
considered as minor modifications and has no influence on the mechanical properties of the model. Since
the evaluation of truck parts and modeling of its internal parts, such as engine block, steering system, or
suspension systems is beyond the scope of this paper, further information about the representation and
development of these particular models can be found at papers by Zaouk et al.[12–14]and at NCAC web
page (http://www.ncac.gwu.edu).

http://www.ncac.gwu.edu


A.O. Atahan, O.F. Cansiz / Finite Elements in Analysis and Design 41 (2005) 371–396 383

Update accelerations

Update current time     
and checkfor termination

RUN LS-DYNA 

Process elements

Process contact
interfaces

Check for rigid walls

Write databases

Update velocities

Update displacements
and new geometry

Compute new time
step size

Apply force boundary
conditions

Fig. 8. The time integration loop in LS-DYNA.

4.2. Time step size and contact/friction effects in finite element impact simulation

Time step size, which controls the amount of time elapsing during each time integration loop, as shown
in Fig. 8, is an important concept in all finite element analysis codes[15]. To assure the stability of time
integration, the global LS-DYNA time step size is the minimum of the�tmax values calculated for all the
elements in the models. When a simulation is set to run, program automatically processes all the elements
and calculates the minimum time step sizes based on element types and dimensions. Note that the time
step size,�t , is always limited by a single element in the finite element meshes used in the analysis. It is
always true that larger the element dimensions used to construct the model is, larger the time step size and
cheaper the cost for the analysis due to the reduced overall CPU time. During the solution, program loops
through the elements in the analysis to update the stresses and force vector. As shown in time integration
loop, a series of processes take place in LS-DYNA including checking for contacts, determination of
stresses and displacements, and updating time step size based on new element dimensions. In LS-DYNA,
a new time step size is determined by taking the minimum value over all elements and is calculated from
the relationship[16]

�tn+1 = �. min{�t1, �t2, �t3, . . . , �tN },
where�t is time step size,n is any loop number,n + 1 is the new time step size,N is the number of
elements. For stability reasons the scale factor� is typically set to a value of 0.90 (default) or some
smaller value. Time step calculations for solid, beam, truss, shell, solid shell and discreet elements are
described in LS-DYNA theoretical manual in detail[16]. It is of importance to note that shell elements
have an advantage over brick elements in terms of time step size. For the brick element, the time step has
a linear dependence on the minimum side length, which can be the thickness for materials with thin cross-
sections. The time step computed for shell elements has a much weaker dependence on the thickness,
thus allowing larger time step sizes to be used for a given element thickness. It is recommended that if
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wave propagation through the thickness of a structure is not of major concern, then the shell elements
can be used with greater efficiency and substantial savings in cost over a comparable model with brick
elements. In the present study, all steel parts were modeled with shell elements to reduce the cost of the
analysis. On the other hand, width, depth and length of the brick elements were modeled to be very close
to each other in length to maximize the time step size as much as possible.

In addition to the time step size computations in LS-DYNA, accurate representation of frictional effects
is of significance in any vehicle-barrier impact simulation. Frictional contact forces developed between
tires and rail surfaces can affect whether or not a particular longitudinal barrier system will successfully
redirect an impacting vehicle. Predictions of vehicle containment and redirection obtained from finite
element simulation are influenced by several factors, such as frictional effects, barrier geometry, contact
algorithms, barrier strength, finite element representation of vehicle components and so on. Among these
factors, the representation of friction and contract algorithms is often given inadequate attention.

In the present study, individual contact and friction definitions were specified for steel-to-steel contact,
to represent vehicle body contact to rail, steel-to-concrete contact, to represent rail contact to bridge barrier,
tire-to-roadway contact, and tire-to-steel contact to represent tire contact to rail. Particular attention was
given to modeling friction and type of contact between colliding bodies. The treatment of sliding, friction
and contact along interfaces of contacting bodies has always been an important capability in LS-DYNA
codes. In general, the friction force between two bodies in contact is determined based on the normal force
and coefficient of friction (�) that are active at the contact zone.The value of� may be numerically modeled
either as a fixed constant value or as a function of velocity at which the surfaces slide past one another.
Even though using a velocity-dependent frictional model is most appropriate to represent impact by a
rotating tire to barrier systems, previous studies show that using approximate constant friction coefficients
often results in successful and very cost-effective simulations, particularly impacts against steel rails[10].
For this reason constant frictional values were used in LS-DYNA input file to approximately capture the
friction forces developed between contacting bodies. Appropriate values for friction coefficients were
taken from previous successful studies and incorporated into LS-DYNA input file. It is important to note
that previous studies using velocity-dependent frictional models were also reported success in accurately
representing concrete surface contact problems[17,18].

To provide a contact–impact algorithm and prevent any unrealistic nodal penetrations between the
contacting bodies, such as vehicle to steel beam rail during collisions automatic contact algorithms
available in LS-DYNA user manual were used. These algorithms have been used in previous simulation
studies with success[10,12]. Note that for automotive crash models it is quite common to include the
entire vehicle in one single surface contact definition where all the nodes and elements within the interface
interact.

5. Baseline model simulation and crash test results

After developing the baseline model for the bridge rail-to-guardrail transition according to modeling
details explained above, the system was impacted with a C-2500 truck model under the same full-scale
crash test conditions. Simulation was given sufficiently long run time to capture all the relevant crash
test details. To evaluate the accuracy and reliability of the baseline model simulation in representing the
actual bridge rail-to-guardrail transition model, results of TTI crash test 404211-4 were used. Qualitative
and quantitative comparisons were made to establish correlation between both crash tests.
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5.1. Qualitative comparisons

To determine the accuracy of the baseline model simulation in replicating the full-scale crash test
404211-4, parameters obtained from the baseline model simulation were compared to those of the full-
scale crash test.

As shown inFigs. 9and10, the vertical flared back bridge rail-to-guardrail transition contained and
redirected the vehicle. Other than the vehicle rollover the test was successful.The vehicle did not penetrate,
underride, or override the installation. In the baseline simulation, as shown inFigs. 9and10, the vehicle,
traveling at 101.2 km/h, impacted the vertical flared back transition 0.69 m from the end of the bridge
parapet at a 24.7◦ angle. Shortly after impact, posts 1–4 moved. At 0.055 s, redirection of the vehicle
began. The right-front and left-rear tires lost contact with the ground at 0.107 and 0.191 s, respectively. At
0.178 s, the right-rear tire lost contact with the ground. The vehicle, traveling at 80.8 km/h, was parallel to
the installation at 0.182 s. At 0.184 s, the rear-left side of the vehicle contacted the rail element between
posts 3 and 4. At 0.311 s, the rear-left tire lost contact with the concrete parapet and the left-rear tire lost
contact with the ground. The vehicle lost contact with the concrete parapet at 0.412 s, and was traveling
at 77.1 km/h and an exit angle of 6.3◦. As tabulated inTables 3and4, both event timing, position of
vehicle, lateral deflections and vehicle velocity compare well with those observed from the crash test
404211-4. After exiting the transition, the vehicle yawed clockwise and rolled counterclockwise. The
vehicle subsequently rolled one revolution and came to rest upright. A comparison of the roll angle vs.
time history collected at the center of gravity of the vehicle in the test and finite element simulation is
shown inFig. 11. This figure clearly depicts the similarity in vehicle behavior in both crash tests.

Longitudinal occupant impact velocities measured during baseline simulation and full-scale crash tests
was 6.4 and 6.6 m/s, longitudinal ridedown accelerations were−6.5, −6.1 g’s, respectively. Exit angle
at loss of contact was 5.2◦ and 5.5◦ in the simulation and in the full-scale crash test, respectively. Both
exit angles were less than 60% of the impact angle, suggested by the Report 350. Note that vehicle’s
rollover initiation after exiting the transition was successfully captured by the simulation study (seeFigs.
9 and10). As noticed in these figures, the insufficient height of W-beam rail alleviated vehicle rollover
by developing overturning moment about the vehicle center of gravity. Consequently, vehicle rolled one
revolution after exiting the terminal, which resulted in unacceptable crash test behavior.

Damage to transition after the crash tests was minimal. The amount of crush in the pipe was very small
which compares well with the crash test results exhibiting small lateral deformation of the transition
structure. Maximum dynamic deflection of the transition in the simulation was approximately 159 mm.
In the full-scale crash test the maximum dynamic deflection was 170 mm comparing well with the finite
element simulation. A picture comparing the damage to the transition after crash tests is shown inFig.
12. As noticed from the figure, they compare favorably.

5.2. Quantitative comparisons

It is necessary to ensure that the accelerations and ridedown velocities of the vehicle measured during
the crash test event are within acceptable limits suggested by the NCHRP Report 350. The accelerations
at the center of gravity of the vehicle in the baseline model simulation and the full-scale crash test were
compared using four quantitative techniques:

1. the Test Risk Assessment Program (TRAP),
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Fig. 9. Sequential crash test picture comparison for transition—top view.
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Fig. 10. (a,b) Sequential crash test picture comparison for transition—rear angle view.
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Table 3
Comparison of crash major impact events for crash test and simulations

Summary of impact events W-beam transition Thrie-beam transition

Full-scale crash Baseline model Improved model
test 424011-4 simulation simulation

Time Speed Time Speed Time Speed
(s) (km/h) (s) (km/h) (s) (km/h)

Initial contact 0 101.2 0 101.2 0 101.2
Vehicle begins to redirect 0.052 99.7 0.055 100.4 0.050 99.8
Vehicle parallel with installation 0.173 80.2 0.182 80.8 0.177 80.4
Rear-left side of vehicle contacts rail 0.174 80.2 0.184 80.7 0.178 80.3
Left-rear tire lost contact with ground 0.183 79.7 0.191 80.1 0.196 79.4
Vehicle exits guardrail 0.399 75.7 0.412 77.1 0.426 74.6

@5.2◦ @6.3◦ @4.5◦

Table 4
Comparison of deflections top height for crash test and simulations

Deflected membera W-beam transition Thrie-beam transition

Full-scale crash test 404211-4 Baseline model simulation Improved model simulation

Dynamic Permanent Dynamic Permanent Dynamic Permanent
(mm) (mm) (mm) (mm) (mm) (mm)

Concrete bridge rail — 25 — — — —
Post 1 (next to bridge rail) 115 75 121 83 108 69
Post 2 133 96 139 104 142 106
Post 3 164 121 167 112 179 136
Post 4 101 63 84 55 126 91
Post 5 67 38 79 48 83 49
Pipe — 30 44 37 36 28
Rail 170 90 159 78 183 102

aDeflections are measured at top height of members.

2. the Numerical Analysis of Roadside Design (NARD) validation parameters,
3. the Analysis of Variance Method, and
4. the Geers parameters.

The TRAP program calculates standardized occupant risk factors from vehicle crash data in accordance
with the NCHRP guidelines and the European Committee for standardization (CEN)[19]. NARD valida-
tion procedures are based on concepts of signal analysis and are used for comparing the acceleration-time
histories of finite element simulations and full-scale tests[20]. The analysis of variance method, on the
other hand, is a statistical test of the residual error between two signals. Finally, Geers method compares
the magnitude, phase and correlation of two signals to arrive at a quantitative measure of the similarity
of two acceleration-time histories[21].
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Vehicle Roll Angle vs. Time Graph
Bridge Rail-to-Guardrail Transition Tests
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Fig. 11. Vehicle roll angle vs. time comparison for transition.

Fig. 12. (a,b) Test article damage comparison.
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Table 5
Comparison of TRAP results for crash test and simulations

Occupant risk factors W-beam transition Thrie-beam transition

Full-scale crash Baseline model Improved model
test 404211-4 simulation simulation

Occupant impact velocity (OIV) x(m/s) 6.6 (at 0.161 s) 6.4 (at 0.157 s) 6.9(at 0.173 s)
(OIV)

y(m/s) −7.7 (at 0.101 s) −7.3 (at 0.093 s) 8.6 (at 0.112 s)
Theoretical head impact velocity 33.6 31.2 37.1
(THIV) (km/h)
Occupant ridedown accelerationx (g’s) −6.1(0.101− 0.111 s) −6.5(0.98− 0.107 s) −6.8(0.117− 0.127)
(ORA)

y (g’s) 9.2(0.126− 0.136 s) 8.8(0.114− 0.124) 9.6(0.135− 0.145 s)
Post impact head deceleration 9.9 10.5 11.6
(PHD) (g’s)
Acceleration severity index 1.58 1.66 1.75
(ASI)
Maximum 50 ms moving averagex(g’s) −9.7(0.049− 0.099 s) −10.4(0.044− 0.094 s) −11.7(0.053− 0.103)
acceleration

y(g’s) .11.9(0.048− 0.098 s) .12.7(0.041− 0.091) .14.1(0.055− 0.105)

The analysis results obtained from TRAP for full-scale crash test and baseline model simulation is
shown inTable 5. The acceleration data used in the TRAP program were filtered at a cutoff frequency
of 100 Hz. The table depicts the two occupant risk factors recommended by the NCHRP Report 350:
(i) the lateral and longitudinal components of occupant impact velocity (OIV), and (ii) The maximum
lateral and longitudinal component of resultant vehicle acceleration averaged over 10 ms interval after
occupant impact called the occupant ridedown acceleration (ORA). Also given in the table are the CEN
risk factors: the theoretical head impact velocity (THIV), the post-impact head deceleration (PHD) and
the acceleration severity index (ASI).

The results indicate that the occupant risk factors for both full-scale crash test and baseline model
simulation are very similar. The occupant risk factors predicted from the simulation were fairly close to
those obtained from the crash test data. The OIV, THIV, ORA, PHD, and ASI predicted by the simulation
were approximately 5%, 7%, 7%, 6% and 5% different than those values measured from the test data,
respectively. As noticed, the largest error was 7%, which is fairly good.

The NARD evaluation criteria, analysis of variance results and Geers parameters were also used to
determine the reliability of baseline model simulation in replicating the results of the full-scale crash test.
In these methods, two signals are considered equivalent if the relative absolute difference of moments is
less than 0.2, the correlation factor is greater than 0.8 and the Geers parameters are less than 0.2. Also, the
t-statistic of the paired two-tailedt-test of the two signals should be less than the critical 90th percentile
value of 2.58.

The acceleration-time histories of the baseline model simulation were compared to those of the full-
scale crash test and the results of the statistical analyses are given inTable 6. The results in this table
emphasize that the acceleration-time histories compare fairly well.The moment differences in thex-,y- and
z-direction (longitudinal, transverse and vertical directions, respectively) are less than 0.2 demonstrating
good agreement between the test and simulation in all directions. Moreover, thet-statistic was less than
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Table 6
Comparison of NARD and analysis of variance results for crash test and baseline simulation

Comparison parameters x-direction (g’s) y-direction (g’s) z-direction (g’s)

nth Relative absolute
difference of moments
= Mn(test)−Mn(simulation)

Mn(test)

0th Moment difference 0.02 0.03 0.12

(should be< 0.2) 1st Moment difference 0.04 0.06 0.09
2nd Moment difference 0.01 0.01 0.03
3rd Moment difference 0.03 0.01 0.14
4th Moment difference 0.09 0.02 0.11
5th Moment difference 0.06 0.02 0.16

Correlation Factor 0.79 0.68 0.81
T statistic (should be< 2.58) 0.45 0.29 1.67
Geers parameters (should be< 0.2) Magnitude 0.01 0.09 0.11

Phase 0.11 0.12 0.17
Correlation 0.09 0.10 0.12

2.58 for the acceleration data in all three directions indicating that there is no statistically significant
difference between the acceleration traces. The correlation factors are found to be 0.79, 0.68, 0.81 in the
x-,y- andz-directions, respectively, suggesting that there is a very close approximation between the test and
simulation. Finally, the Geers parameters indicate that magnitude, phase and correlation are consistent for
the longitudinal and transverse direction in the test and simulation. Based on all three statistical analyses
it can be said that the longitudinal, lateral and vertical acceleration-time histories of full-scale crash tests
are determined to be statistically equivalent to those of baseline model simulation. These quantitative
comparisons prove the reliability and accuracy of baseline model simulation in replicating the full-scale
crash test event.

6. Modifications to baseline model

Based on the detailed investigation of crash test data, the insufficient height of W-beam from ground
was determined to be the main cause for crash test failure. To improve the crashworthiness of the vertical
flared back bridge rail-to-guardrail transition, a slightly different design configuration was developed. In
this improved design, W-beam is replaced with a thrie-beam to increase the support height for vehicular
impact. The rub rail in the original design was left unaltered for the same reason to have rub rail in the
original design, i.e., to eliminate wheel snagging on strong posts. When replacing the W-beam with a
thrie-beam, the height of rail bottom edge from ground was maintained. Since the height of a thrie-beam
is 50% larger than that of a standard W-beam, the top height of the thrie-beam increased from 685 to
810 mm. This additional 125 mm raise is intended to support the rear of vehicle when impacted without
causing any instability to the vehicle.Also, at 810 mm height, the top edge of the rail completely covers the
bridge rail, which is also 810 mm in height. This also helps prevent any potential vehicle hood-snagging
problem on the rigid edges of the bridge rail. A picture of the modified transition model used in the
simulation study is shown inFig. 13. Note that previous full-scale crash tests on flared and non-flared
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Fig. 13. Modified vertical flared back transition used in improved model simulation.

vertical bridge rail to guardrail transitions show that this height should be sufficient to create an acceptable
crash test performance[7]. Therefore, utilization of thrie-beam is considered to be a reasonable alternative
to current design.

The baseline model was modified to incorporate the thrie-beam model. Then, the improved model was
subjected to C-2500 pickup truck impact under identical crash conditions as before. The simulation was
given sufficient run time to fully capture the post-impact trajectory of the vehicle.
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Fig. 14. Crash test picture comparison for both simulations.

7. Comparison of baseline and improved model simulations

Final simulation results showed that the improved design would perform successfully in containing and
redirecting the C-2500 vehicle. Increasing the rail height contributed positively to the vehicle stability. To
conclusively determine the effectiveness of 810 mm rail height qualitative and quantitative comparisons
such as, position of vehicle, roll angle vs. time and acceleration vs. time data obtained from simulation
studies were made.

Fig. 14compares the position of vehicle at important moments of baseline and improved model sim-
ulations. In this figure, some components of the transition model were not shown to clearly identify the
position of vehicle at 175 ms. This figure demonstrates the effectiveness of improved design on main-
taining stability of vehicle, particularly at the exit of terminal. The same behavior can also be seen in
Fig. 11showing vehicle roll angle vs. time for both simulations. As noticed from this plot both traces are
very similar up until 175 ms. At around this time, as shown inFig. 14, rear section of vehicle contacts
the barrier. In the baseline model simulation this contact significantly increases the vehicle’s roll angle
resulting complete rollover at approximately 900 ms. On the contrary, in the improved model simulation,
the increase in roll angle remains relatively small beyond 175 ms. At 412 ms when vehicle exits the ter-
minal vehicle’s roll angle was measured to be 31◦ in the improved model simulation, which is almost
25% lower than that of the baseline model simulation (seeFig. 11). Due to the low roll angle, vehicle
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in the improved model simulation is predicted to maintain its stability resulting in acceptable crash test
behavior. Finally, vehicle roll angle reaches 0◦ at about 770 ms in the improved model simulation.

The lateral deflection of transition section posts, rail and concrete wall was comparable for both
simulation studies. As shown inTables 3and4, posts and rail at the transition section between posts 2
and 3 deflected more in the improved design compared to those at the baseline design due to additional
loads on the thrie-beam by the vehicle’s rear. The maximum dynamic lateral deflection in the improved
model simulation was approximately 0.183 m.

The acceleration-time histories obtained at the center of gravity of the test vehicle in both simulations
were compared using the TRAP program. The results shown inTable 5indicate that the occupant risk
factors predicted in baseline simulation are smaller than those predicted in improved model simulation.
The reason for this behavior is mainly attributed to two aspects: (1) utilization of thrie-beam instead of
W-beam which is less effective in vehicle containment and redirection due to its smaller width, and (2) a
secondary impact on thrie-beam.

Based on the finite element simulation results, it can be said that the improved design is a promising
alternative for the crash tested vertical flared back bridge rail-to-guardrail transition design. It is believed
that the improved design will prevent vehicle rollover and satisfy full-scale crash test requirements
specified by the NCHRP Report 350 test level 3-21.

8. Limitations of simulation study

In the present study, two consecutive finite element simulation studies were performed using approxi-
mate models to predict the outcome of bridge rail-to-guardrail transition crash tests. Even though models
were considered to be acceptable in terms of response behavior, limitations still exist and should be noted.
For example, in the C-2500 pickup truck model further refinements are necessary. Some of the steel mem-
bers in the truck are modeled using rigid material properties whereas in reality these steel components
are likely to deform under impact loading. In addition, the revolute and spherical joints that connect the
components of the suspension system together do not account for the possibility of joint failure. However,
previous tests show that these joints can sometimes fracture particularly when impacted at rigid walls.
Therefore, future efforts should focus on improving these aspects of the suspension model.

In regard to modeling frictional effects, limitations also remain. In reality, frictional forces between
contacting bodies depend not only on the coefficient of friction,�, but also on the normal force acting
on the contact surfaces. The friction model used in this study did not take into account the normal force,
whose magnitude is a function of the stiffnesses of the bodies in contact, such as tire and thrie-beam. Due
to the complexity of determining normal forces, simple approximations were used in the analyses.

The tire models used in this study were also considered to be approximate models and do not accurately
represent properties of tire, such as tire tread or sidewall stiffness. To further improve the modeling
of frictional effects, the tires in the C-2500 model should be modeled with greater level of accuracy.
Moreover, it is believed that using a velocity-dependent frictional model should also more accurately
represent the viscous nature of frictional development in materials such as vehicle tires. In a crash test
rotating tires impact steel rail at an oblique angle and different locations on the tire slide against the rail
at different velocities, particularly in cases involving significant tire sidewall scrubbing. Therefore, the
effect of velocity-dependent frictional model should be further investigated.
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9. Summary and conclusions

This paper summarizes results of a TTI crash test 404211-4 and two consecutive finite element sim-
ulation studies performed on a vertical flared back concrete wall bridge rail to semi-rigid strong-post
guardrail transition design. A previous crash test performed at Texas Transportation Institute demon-
strated that the design was not acceptable in its present form according to recommendations set forth in
the NCHRP Report 350. To further investigate the reasons for failure in a cost-effective manner, a finite
element model of the transition was developed and the model was subjected to vehicular impact under
identical crash test conditions. The accuracy of baseline model simulation was verified against full-scale
crash test results. Qualitative and quantitative comparisons showed that the model was fairly accurate in
representing the actual crash test behavior, and can be used in further simulation studies with confidence.

After verifying the accuracy of the baseline model, reasons for vehicle instability was investigated in
detail. Advantages of finite element analysis, such as multiple view options, acceleration data, position
of vehicle parts, member stresses and deformations were used to pinpoint the actual cause of vehicle
instability and subsequent rollover. Based on the assessments, the insufficient height of W-beam rail was
determined to be the major cause for the failure of the crash test 404211-4.

Upon determination, potential solution options were investigated, and previously accepted transition
designs obtained from FHWA were reviewed. It was determined that most accepted designs have rail
heights in the excess of 810 mm. Based on this finding, an improved transition model was developed.
In the improved design, W-beam was replaced with a thrie-beam with a top rail height of 810 mm. This
height also matched the top height of vertical wall. The length of guardrail posts and offset blocks were
also modified to match the increased rail height. The remaining part of the model was not modified. The
improved model was subjected to C-2500 pickup truck impact according to NCHRP Report 350 test
3-21 requirements, identical to previous impact conditions. Results of improved model simulation looked
promising. The vehicle was successfully contained and redirected by the transition model. No wheel or
hood snagging was observed during the simulation.Vehicle’s roll angle at exit of terminal was less than 31◦.
Moreover, vehicle reached a maximum 45◦ roll angle during the improved model simulation. Both angles
are determined to be comparable to those obtained from the crash test data of FHWA accepted transition
designs. The exit angle was also less than 60% of the impact angle in both simulations. Thrie-beam was
successful in effectively containing the rear of vehicle and not allowing the development of overturning
moments. Accelerations and ridedown velocities of the vehicle measured during the simulation were
within the acceptable limits suggested by the NCHRP Report 350. Therefore, it is concluded that the
improved model is a promising alternative to crash tested vertical flared back bridge rail-to-guardrail
transition design. Based on the simulation predictions, it is believed that the subsequent crash test on the
improved design will prove the accuracy finite element analysis predictions and acceptability of thrie-
beam transition design. Finally, due to its degree of success in test level 3 conditions, a follow up finite
element simulation study is recommended on the improved transition design to analyze its effectiveness
in next level of testing, test level 4 using 8000 kg single unit truck.
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