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PREFACE

The Kansas Department of Transportation’s (KDOT) Kansas Transportation Research and New-
Developments (K-TRAN) Research Program funded this research project. It is an ongoing,
cooperative and comprehensive research program addressing transportation needs of the state of
Kansas utilizing academic and research resources from KDOT, Kansas State University and the
University of Kansas. Transportation professionals in KDOT and the universities jointly develop
the projects included in the research program.

NOTICE

The authors and the state of Kansas do not endorse products or manufacturers. Trade and
manufacturers names appear herein solely because they are considered essential to the object of
this report.

This information is available in alternative accessible formats. To obtain an alternative format,
contact the Office of Public Affairs, Kansas Department of Transportation, 700 SW Harrison, 2"
Floor — West Wing, Topeka, Kansas 66603-3745 or phone (785) 296-3585 (Voice) (TDD).

DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the views or the
policies of the state of Kansas. This report does not constitute a standard, specification or
regulation.



Abstract

Reinforced concrete (RC) barriers are often used as railings to protect bridge piers against
vehicular collision force (VCF). RC barriers absorb collision energy and/or redirect vehicles.
According to bridge design specifications of the American Association of State Highway and
Transportation Officials (AASHTO), barriers used to protect bridge piers should have a minimum
height of 42 in. and survive MASH Test Level 5 (TL-5). Although many barriers in current use do
not meet this requirement, these sub-standard barriers can reduce the severity of vehicle-pier
collisions and decrease the AASHTO-specified VCF for pier resistance in upgraded bridges.

The primary objective of this research was to assess the performance of sub-standard RC
barriers as protection for bridge piers against VCF and quantify their reduction of the equivalent
static force (ESF) that piers must resist according to AASHTO specifications. This report describes
current procedures to determine the transverse static capacity of RC barriers and proposes
alternative, accurate methodologies. A matrix of crash scenarios is simulated in dynamic explicit
analysis using the finite element software LS-DYNA to comprehensively encapsulate the behavior
of sub-standard RC barriers. The investigated parameters include energy dissipation, velocity
reduction, contact force absorption, and lateral displacement. This research also utilized a
simulation matrix on a bridge pier that failed to withstand the ESF under the required AASHTO’s
extreme load event behind a sub-standard barrier. A series of dynamic impact force time histories
was used to extract the ESF and compare the resulting ESF to the AASHTO-required force, leading
to a proposed reduction in the ESF due to the presence of sub-standard RC barriers.

Research results showed that AASHTO’s existing procedure to determine the transverse
static capacity of RC barriers may underestimate capacity by approximately 50%. In addition, the
inadequacy of sub-standard barriers to absorb and/or redirect an impacting vehicle was shown to
relate to geometrical deficiency (insufficient height), meaning that sub-standard barriers can resist
high-impact load demands and protect piers if the barrier is a sufficient height (i.e., 42 in. for TL-
4). Sub-standard barriers may reduce the AASHTO-required ESF for bridge piers by at least 25%.
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Chapter 1: Introduction

1.1 Background

Critical infrastructures, such as bridges, must be able to resist extreme loading and
potentially hazardous events such as vehicle collisions. Maintaining the structural integrity of
bridge piers during vehicle collisions is critical for continued bridge operation. Many vehicle-pier
collisions have had catastrophic consequences, as shown in Figure 1.1. Between 1951 and 2000,
31 0f617 (5%) of reported bridge collapses were caused by vehicle impact with bridge piers (Harik
et al., 1990; Wardhana & Hadipriono, 2003).

Figure 1.1: Failure of Bridge Structures Due to Vehicle Collisions
Source: Nemec (2013)

The American Association of State Highway and Transportation Officials (AASHTO) first
addressed vehicular collision force (VCF) as a design limit for bridge piers in the second edition
of their AASHTO LRFD Bridge Design Specifications: SI Units, which required bridge piers to
be designed to structurally resist an equivalent static force (ESF) of 400 kips (AASHTO, 1998).
After studying a collection of crash data, analyzing bridge pier collision scenarios via finite
element analysis (FEA), and collecting empirical data related to forces during full-scale collision
tests, the research team at the Texas Transportation Institute (TTI) recommended increasing the
ESF to 600 kips (Buth et al., 2010; Buth et al., 2011). The latest AASHTO LRFD Bridge Design
Specifications (AASHTO, 2020) include this recommended value, as well as the suggested



redirection of vehicle impact or VCF absorption via bridge pier protection. One suggested
protection method includes the use of an intervening structure that measures 42 in. high with a
traffic face positioned at least 3.25 ft from the vulnerable component. The intervening structure
should be able to survive a Test Level-5 (TL-5) crash event as specified in the guidelines of the
AASHTO Manual for Assessing Safety Hardware (MASH) (AASHTO, 2016).

Reinforced concrete (RC) barriers are commonly used as intervening structures to protect
bridge piers against VCF, but many RC barriers currently used in old bridge infrastructures do not
meet the acceptance criteria for TL-5. Although these sub-standard barriers are inadequate for the
sole protection of bridge piers against VCF, their presence helps reduce the severity of vehicle-
pier collisions and they reduce the AASHTO-specitied ESF for piers to account for the dynamic
VCF. However, current AASHTO specifications neglect the presence of sub-standard barriers
when considering VCF on bridge piers as demonstrated by the absence of research studies that
accurately estimate the barriers’ capacity, assesses their performance during crash events, and
quantifies their reduction of required ESF resistance by piers. Therefore, accurate analysis
methodologies are crucial to obtaining the structural capacity of sub-standard RC barriers and
assessing their efficiency during crash events to determine their contribution to VCF absorption
and ESF reduction.

This research utilized analytical methodologies to accurately estimate the lateral static
capacity of RC barriers. Numerical simulations were conducted to investigate the behavior of a
sub-standard RC barrier during vehicular collision events and evaluate its response under dynamic
impact load effects. The numerical simulations were extended to estimate the VCF on bridge piers
with a sub-standard RC barrier and the ESF reduction for piers according to current AASHTO

specifications.

1.2 Aim and Objectives

The aim of this research was to assess the performance of sub-standard RC barriers as
protective structures for bridge piers against VCF and to quantify their reduction of required ESF

resistance per current AASHTO specifications. This study established the following objectives:



1. Develop rigorous analysis and innovative methodology to evaluate the
transverse structural capacity of RC barriers.

2. Assess the performance of sub-standard RC barriers as protective
structures for bridge piers against VCF.

3. Estimate the VCF on bridge piers with sub-standard intervening RC

barriers.

1.3 Scope

This report is comprised of six chapters. Chapter 1 introduces the problem, defines the aim
and objectives of this research, and explains the scope of the work. Chapter 2 contains a literature
review and expanded background on the problem of this project; while Chapter 3 presents a
detailed analysis to obtain the transverse load capacity of RC barriers using theories and mechanics
of reinforced concrete while introducing an alternative innovative truss analogy method to
simulate RC barriers and obtain their transverse capacity. Chapters 4 and 5 include explicit
dynamic simulations of a matrix of crash events using the FEA program LS-DYNA. The
simulation matrix of the crash environment consisted of only the barrier and the crashing vehicle.
A comprehensive behavior analysis on the performance of sub-standard RC barriers during heavy
vehicle crash events was conducted, including the discussion of several quantities of interest (Qol).
The simulation matrix in Chapter 5 includes a representative bridge pier placed behind a sub-
standard RC barrier. The time histories of the dynamic impact forces on the pier, including the
peak impact force (PIF), were obtained via analysis of the simulation matrix. The ESF on the pier
was then derived from the time histories. Conclusions and recommendations are presented in

Chapter 6.



Chapter 2: Literature Review

2.1 Estimated Transverse Static Capacity of RC Barriers

RC barriers are utilized in transportation infrastructures for a variety of purposes. For
example, median barriers are commonly used to separate opposing lanes of traffic, while railing
barriers are used to prevent vehicle access to roadway shoulders and protect sign structures and
pedestrians. RC barriers also are commonly used as intervening structures to protect bridge piers
against VCF, meaning the estimated capacity of these barriers when subjected to VCF is essential
for effective barrier design and placement. Successful placement of these barriers includes three
main factors: (1) knowing the required performance level, (2) accurately analyzing and designing
the barrier to fulfill the required performance level, and (3) testing the barrier to ensure the
acceptance criteria is satisfied. The second factor (barrier analysis and design) has proven to be
the most challenging because, despite set objectives (performance levels) and measures to
determine if objectives are met (acceptance criteria), the analysis methodology leads to achieving
the objectives.

The Ross et al. (1993) report was the first research to specify the performance levels and
acceptance criteria for applying RC barriers as intervening structures. The performance levels, or
Test Levels (TLs), in the Ross et al. (1993) report differ according to impact conditions, with a
specific impact condition acting as a function of the vehicle designation (passenger car, single-unit
truck (SUT), tractor-semi-trailer (TST), etc.), the impact speed, and the impact angle. Higher TLs
indicate severe impact conditions, such as heavy vehicles travelling at high velocity. The report
also includes three categories of acceptance criteria: structural adequacy, occupant risk, and post-
impact vehicular trajectory. The criteria imply that a test article (barrier) is acceptable for a certain
TL if it is structurally adequate to dissipate the energy of the impacting vehicle for that TL without
excessive damage to the barrier or penetration and minimizes the risk of occupant injury and any
potential subsequent multivehicle accident by bringing the impacting vehicle to a controlled stop
(Ross et al., 1993).

The Ross et al. (1993) report also recommends procedures that were implemented by the
Federal Highway Administration (FHWA) in 1998, followed by AASHTO’s MASH in 2009,

which upgraded the impact conditions for some TLs to reflect more damaging crash events and



produce more robust barriers for certain applications. The most current MASH (AASHTO, 2016)
is included in the AASHTO LRFD Bridge Design Specifications (AASHTO, 2020) to define TLs
that determine design forces for traffic railings. The various TLs according to AASHTO (2016)

are shown Table 2.1.

Table 2.1: MASH Test Levels

Vehicle Type Small Pickup Single-Unit  Tractor- Tractor-
Automobiles Truck Truck Trailer Tanker-Trailer

Mass, kips 2.4-3.3

(ton) (1.1-1.5) 5(2.27) 22 (10) 80 (36) 80 (36)

Angle of attack 25° 25° 15° 15° 15°

Speed, mph (km/h)

TL-1 31 (50) 31 (50) N/A N/A N/A
TL-2 31 (50) 44 (70) N/A N/A N/A
TL-3 62 (100) 62 (100) N/A N/A N/A
TL-4 62 (100) 62 (100) 56 (90) N/A N/A
TL-5 62 (100) 62 (100) N/A 50 (80) N/A
TL-6 62 (100) 62 (100) N/A N/A 50 (80)

N/A: not applicable

After determining the performance level and acceptance criteria, designing the barrier to
meet the performance level and pass the acceptance criteria is the next challenge. Barriers are
typically designed to resist certain levels of loading and satisfy geometry proportioning; Table
A13.2.1 in AASHTO (2020) shows the design forces and designations for traffic railings required
for various TLs. Hirsch (1978) first introduced the yield line analysis (YLA), the most common
analysis method to verify if a proposed barrier design meets performance level requirements. The
YLA, which is currently included in AASHTO (2020), synthesizes the work done by external
applied forces and internal energy via the formation of yield lines due to a triangular (V-shaped)
failure pattern. However, the current AASHTO procedure of YLA includes assumptions that are

intended to simplify the analysis process but are criticized by many researchers due to the



inaccurate capacity estimation and failure pattern. Jeon et al. (2008) conducted a full-scale test to
vary the loading patterns and simulate vehicle crashes. The results revealed a lower load than the
load predicted by AASHTO’s equations and a failure pattern that resembled a W-shaped failure
pattern. Cao et al. (2020) confirmed this failure pattern using dynamic explicit numerical
simulations and quasi-static pushover analysis. When Loken et al. (2021) compared the traditional
V-shaped and the W-shaped (modified YLA) failure patterns in terms of punching shear capacities,
the results revealed a significant increase of punching shear capacity in the modified YLA.
Although punching shear is a potential failure mechanism reported in many studies (Alberson et
al., 2005; Williams et al., 2007; Sennah et al., 2018), it is less likely for this failure mode to control
with sufficient transverse reinforcement.

The existing literature agrees that AASHTO’s current YLA procedure must distinguish
between using the YLA as an initial qualifier for proposed barrier designs and judging barrier
capacity for decisions related to barrier structural adequacy and crashworthiness. The former is a
conservative analysis that produces barriers designed with excessive capacity, while the latter
yields a very conservative analysis that significantly underestimates the actual capacity of RC
barriers. While both cases have negative economic effects, underestimating the capacity of existing
RC barriers is more significant because the load demands for some upgraded TLs prevent many
of these barriers from being considered structurally adequate. For example, Rosenbaugh et al.
(2007) designed and developed a TL-5 RC barrier for which the AASHTO YLA procedure was
used to verify the initial loading capacity and geometric requirements according to Table A13.2.1
(AASHTO, 2020). Then the barrier underwent cycles of design cost optimization before it was
subjected to an actual TL-5 crash event to pass the acceptance criteria.

Comparatively, Bullard et al. (2010) conducted an experimental study of crash tests to
evaluate the performance of common barriers according to the upgraded MASH requirements.
Results showed that 45% of the tested barriers failed to meet the acceptance criteria due to vehicle
rollovers, but no significant damage (e.g., major structural cracks or barrier penetration) was
observed. This failure was shown to relate to geometrical deficiency (insufficient height).
Similarly, Salahat et al. (2023) conducted a numerical dynamic analysis study to estimate the VCF

transferred to bridge piers in the presence of a disqualified RC Jersey-shaped barrier as a protective



structure to bridge piers. The results showed that the disqualified barrier reduced the equivalent
static load demand by at least 25%. The remaining load transferred to the pier was a result of
contact between the cargo area and the pier; no structural damage or penetration of the barrier was
observed.

Guidance regarding detailed analysis methods and procedures is essential to accurately
estimate the structural capacity of RC barriers and distinguish geometrical deficiencies from
structural inadequacy related to the acceptance criteria. Chapter 3 of this research presents a
rigorous YLA according to the current and common V-shaped failure pattern. Many simplifying
assumptions are eliminated, a clear analytical solution is presented, and an original and innovative
alternative method is introduced to predict the lateral capacity of RC barriers using a truss analogy
model. The developed model provides guidelines to simulate the RC barrier as an equivalent space
truss. This approach uses incremental analysis to track the formation of the V-shaped yield lines.
Finally, Chapter 3 includes an analysis of a case study of an RC barrier using rigorous YLA, the
equivalent truss method, and the numerical FEA via Abaqus. The results of this work confirm the
accuracy of the proposed solutions, and the scope of the work in Chapter 3 includes the flexural
capacity of barriers since shear failure avoidance is assumed due to sufficient distribution of

transverse reinforcement.

2.2 Performance of RC Barriers During Vehicular Collision Events

When RC barriers are used as intervening structures against vehicular impacts, they are
expected to be subjected to VCF. The performance of these barriers depends on factors such as the
barrier profile (cross sectional shape and size), base boundary condition (fixed or free boundary
condition), and the barrier segment length. Ross et al. (1993) provides guidelines to evaluate the
safety of roadside features, such as concrete barriers. These guidelines address the various test
levels that correspond to different applications and the performance acceptance criteria. These
levels are functions of the impacting vehicle type and the impact conditions (angle of attack and
initial velocity). The acceptance criteria are comprised of three factors: structural adequacy,
occupant risk, and post-impact vehicular response. The structural adequacy factor corresponds to

the barrier’s ability to contain and redirect the impacting vehicle or absorb the VCF from the crash



event and bring the impacting vehicle to a controlled stop. This factor is directly related to barrier
performance when protecting bridge piers. The latter two factors relate to the safety of vehicle
occupants due to impact and the likelihood of the vehicle subsequently colliding with another
vehicle or fixed object. After the FHWA implemented these guidelines in 1998, transportation
agencies began to follow these guidelines when designing barriers to meet the performance criteria
corresponding to various test levels. In 2009, when AASHTO published MASH with improved
guidelines from Ross et al. (1993), the requirements for certain test levels were upgraded to reflect
more damaging crash events, as shown in Table 2.1. The current FHWA recommendation is to
evaluate the protective barriers in accordance with MASH guidelines.

The upgraded MASH requirements rendered many existing concrete barriers as insufficient
for the corresponding test level. As mentioned, Bullard et al. (2010) conducted an experimental
study of 11 crash tests to evaluate the performance of nine types of common roadside safety
hardware, including concrete barriers, under the upgraded MASH requirements. Results showed
that five of the 11 crash tests (45%) failed to meet the evaluation criteria. Among the failing
barriers was the Jersey-shaped barrier tested under a TL-4 crash event. These barriers are currently
in wide use because they were installed before the minimum height required to survive high test
levels was recognized. Notably, only approximately 10% of current bridge infrastructure in the
United States was built after 2009, the year when the first MASH was published (FHWA, 2022).
In the experimental program by Bullard et al. (2010), this barrier included only qualitative
description about its structural adequacy, meaning no information about the resulting impact force
or lateral displacement of the barrier was presented. Therefore, the performance of this barrier with
the upgraded MASH requirements must be extensively assessed for different test levels.

Because full-scale testing is neither easy to accomplish nor economically feasible for many
agencies, numerical simulations can provide a comprehensive view of crash behavior and yield
accurate parameters since the simulations validate a suitable experimental reference. For example,
Itoh et al. (2007) simulated a crash event of a 44-kip truck impacting a median F-shaped concrete
barrier with a clear height of 44 in. plus 12 in. into the pavement. The barrier segment length, the
velocity, and the angle of attack were 164 ft, 62 mph, and 17°, respectively. The barrier, which

successfully passed the structural adequacy criterion, redirected the truck with a maximum lateral



displacement of the barrier of approximately 1 in. and a maximum impact force of approximately
225 kips. Atahan (2009) simulated a 66-kip truck impacting Jersey-shaped barriers with heights of
32, 38, 40, and 42 in. to examine the effect of barrier height on vehicle stability after collision. The
angle of attack and impact speed were 20° and 40 mph, respectively. The author concluded that
the 42-in. barrier height was the only height that redirected the vehicle without causing the vehicle
to roll over the barrier. In another study, Cao et al. (2020) simulated two crash events for TL-4 and
TL-5. The barrier for TL-4 was single sloped with a clear height of 36 in., while the TL-5 barrier
was a Jersey-shaped barrier with a clear height of 42 in. Both barriers redirected the impacting
vehicles with a lateral displacement and impact force during the TL-4 event of approximately 0.5
in. and 124 kips, respectively, and approximately 0.47 in. and 281 kips, respectively, during the
TL-5 event.

Although the described simulations are informative, the simulated crash events, with the
exception of the TL-5 event by Cao et al. (2020), do not align with specific MASH test levels
(Table 2.1). Also, none of the previous simulations evaluated barriers as intervening structures to
protect bridge piers against VCF. Rather, the primary focus of most barrier impact studies has been
the crashworthiness of a particular barrier design (e.g., barrier ability to redirect an impacting
vehicle). AASHTO’s requirements for a standard barrier used for bridge pier protection include a
barrier minimum clear height of 42 in. and the barrier must survive a MASH TL-5 crash event.
Consequently, since many bridges in the United States were constructed prior to the upgraded
MASH requirements, many sub-standard barriers are currently in use as bridge pier protection,
meaning a comprehensive study of the behavior of sub-standard barriers used as protective
structures against VCF during MASH crash events is necessary.

As described in Chapter 4, this study conducted a matrix of numerical simulations using
LS-DYNA in which the common Jersey-shaped barrier (designed prior to the upgraded MASH
guidelines) was subjected to a MASH TL-4 crash event (22 kips SUT traveling at 56 mph) and a
MASH TL-5 crash event (80 kips TST traveling at 50 mph). The Qol in this study were impact
force, energy dissipation, velocity reduction, and lateral displacement. Based on the results,

discussion about the structural adequacy of the sub-standard barrier, as well as a case study



reflecting the effectiveness of the sub-standard barrier for protecting bridge piers during a TL-4

crash event, are presented in Chapter 4.

2.3 VCF Estimation of Bridge Piers

Bridge infrastructures are essential for connecting communities and providing
uninterrupted passage for travelers. When the purpose of a bridge is to span roadways, however,
bridge piers are often subject to extreme loading events due to vehicle collisions with the piers.
The severity of collision consequences depends on factors such as the type and velocity of vehicle
in the crash and the condition of the bridge infrastructure. Some collision events have caused
severe damage to the bridges, including pier fracture and complete collapse, while other events
have caused only slight damage, such as concrete cracking or spalling at the location of impact
(Zhou et al., 2017).

According to FHWA (2022), 620,699 bridges were located throughout the United States
in 2022. Bridge conditions were classified as good, fair, or poor based on the condition of bridge
components, including sub-structural elements such as bridge piers. According to the report, an
estimated 66% of bridges in the United States are classified as poor-fair condition, revealing the
increased risk of bridge failure when the piers are subjected to loading events such as VCF.

VCF was first addressed by AASHTO (1998), in which AASHTO required bridge piers to
be designed to structurally resist a lateral static force of 400 kips to account for VCF. Several
subsequent studies have evaluated the VCF and structural elements to quantify an ESF that can be
used for analysis and design. For example, El-Tawil et al. (2005) conducted an FEA of vehicles
colliding with a bridge pier and proposed that 400 kips insufficiently represents the impact force
in some crash scenarios.

After studying a collection of crash data, analyzing bridge pier collision scenarios via FEA,
and collecting empirical data of forces during full-scale collision tests, the research team at TTI
recommended increasing the VCF to 600 kips (Buth et al., 2010; Buth et al., 2011), as adopted in
AASHTO (2020). Thus, any upgrades or changes to an existing bridge must consider the VCF per
the latest AASHTO requirements. Old bridges with poor-fair sub-structures have piers that often

fail to satisfy the strength requirement. Such piers are hereby referred to as under-designed piers.
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However, because design consideration of VCF using structural resistance may require
expensive rehabilitation and repairs, AASHTO recommends redirecting or absorbing the VCF by
protecting bridge piers. One method is to use a 42 in. high intervening structure with a traffic face
more than 3.25 ft from the pier. The structure should be able to survive a TL-5 crash event as
specified in MASH (Table 2.1). Although this solution may be convenient for newly constructed
bridges, existing bridges often have piers within 3 ft from the barrier or barriers that do not pass
the acceptance criteria for a TL-5 crash event, or a combination of the two cases (piers within 3 ft
(1 m) distance and sub-standard barrier), as shown in Figure 2.1. Consequently, the structural
resistance and intervening structure fail to address the VCF according to AASHTO requirements.

Therefore, Chapter 5 proposes a new approach to address the VCF using a blended
contribution of the existing sub-standard barrier and the under-designed pier. This approach was
developed and validated via dynamic simulation of an envelope of crash events with varying key
parameters to investigate the worst-case scenario. Crash events corresponding to TL-4 for SUT

and TL-5 for TST in Table 2.1 were considered, and simulations were conducted using LS-DYNA.

igure 2.1: KS-177 Inersect'i- ith Interstate 70 (S-W) -
Source: Google Maps (n.d.)
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Chapter 3: Rigorous Analysis to Evaluate the Transverse
Static Capacity of RC Barriers

Among their many uses, RC barriers are often used as railings to protect bridge piers
against VCF, meaning they must be designed to absorb collision energy and/or redirect a vehicle
away from the piers. Efficient design and placement of RC barriers depend on the accurate
estimation of barrier capacity during crash events. AASHTO utilizes YLA to predict barrier
capacity using assumptions and simplifications that significantly underestimate a barrier’s actual
capacity and potentially disqualify many existing RC barriers due to structural inadequacy.
Consequently, many researchers have proposed alternative failure patterns and methodologies to
better predict the capacity of RC barriers. This research shows that the AASHTO YLA, with the
current failure mechanism, can accurately predict barrier capacity when certain simplifying
assumptions are eliminated. This research also presents an alternative innovative truss analogy
model to accurately predict RC barrier capacity. The results of the rigorous YLA and the proposed
truss model, which were validated by FEA via Abaqus, provide analysis guidance for accurate

estimation of RC barrier capacity using YLA for design and/or assessment.

3.1 AASHTO YLA Procedure

The simplified YLA procedure by AASHTO utilizes the following assumptions, some of
which are reasonable, while others may significantly underestimate RC barrier capacity:

1. The deck has sufficient resistance to the applied transverse forces; thus,
the yield line failure pattern will remain within the parapet.

2. The parapet has sufficient longitudinal length to produce the assumed
V-shaped yield line failure pattern.

3. The flexural capacity of the RC barrier is only due to the concrete; the
contribution of the stirrups and/or ties prevents shear and diagonal
tension.

4. The wall resistance is the average of its value along the height when the
width of the barrier varies along the height.

5. The negative and positive wall resisting moments are equal.

12



In the first and second assumptions, the deck slab is usually heavily reinforced to
sufficiently anchor the parapet dowels, and barriers are typically long enough to ensure the
development of yield lines according to the suggested V-shaped failure pattern. The last three
assumptions, however, often cause underestimation. For example, the third assumption neglects
longitudinal and transverse reinforcement, resulting in decreased flexural capacity. In the fourth
assumption, the cantilever action produces a moment around an axis parallel to the longitudinal
axis of the bridge; this moment demand has a minimum linear function at the top of the barrier that
peaks at the support. Therefore, averaging the sectional capacity along the height reduces the
flexural capacity at locations of high demand and increases the capacity where it is not needed.
The three zones in Figure 3.1 indicate that the flexural capacity function has geometrical (width)
discontinuity along the height of the barrier and when calculating the capacity function around an

axis vertical to the longitudinal axis of the barrier.

Avg. moment
| €<——

Transverse Load

Zone 1

Actual moment
~

Footing, Concrete Shoulder,
or Bridge Approach Slab

Figure 3.1: Variation of Actual versus Assumed Moment Capacity

In the final assumption, equating the positive and negative resisting moment does not make
a big difference because of the third and fourth assumptions. However, if the barrier’s
reinforcement is considered when calculating the flexural capacity, minimum variation between

the positive and negative sectional capacities occurs around the longitudinal axis (x-axis in Figure
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3.2) because each side has the same number of stirrups. Comparatively, the sectional capacity
around the vertical axis (z-axis in Figure 3.2) is lower at the back side of the barrier (less
longitudinal rebar), which can be conservatively used for positive and negative moments as
described in the fifth assumption. According to the proposed V-shaped failure pattern, this lower
resistance from the positive moment represents the two front yield lines for resisting components
around the vertical axis Mz in Figure 3.2. Therefore, the error imposed by these assumptions
accumulates to result in significant underestimation of the barrier’s transverse capacity. Equations
3.1 and 3.2 are the current equations per AASHTO (2020) based on the previous assumptions:

R —( 2 )x 8M, + 8M +M"LC2
v~ \2L. - L, b 7 H
Equation 3.1

L, N (E)Z N 8H(M, + M,)
2 M,

Equation 3.2
Where:

Rw = total transverse resistance of the railing (kips),

Lc = critical length of yield line failure pattern (ft),

Lt = longitudinal length of distribution of impact force Ft (ft), specified in (Table
A13.2-1) (AASHTO, 2020),

Mb = additional flexural resistance of beam in addition to Mz at top of wall (kip-ft),
Mx = flexural resistance of cantilevered walls about an axis parallel to the
longitudinal axis of the bridge (kip-ft/ft), (i.e., Mc in AASHTO specifications),

Mz = flexural resistance of the wall about its vertical axis (kip-ft), (i.e., Mw in
AASHTO specifications), and

H = height of wall (ft).
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Figure 3.2: Difference in Negative and Positive Moments Capacities: (a) Represents Face
Yield Lines, (b) Represents Back Yield Line

Total transverse resistance Rw should be equal to or greater than F?, the resultant transverse

force specified in AASHTO (2020) and assumed to be acting at top of a concrete wall.

3.2 Rigorous YLA of RC Barriers

The procedure in this section covers the generalized case of RC barriers when the barrier
width is not uniform along its height and the positive and negative flexural capacities are not equal
due to differences in reinforcement distribution at the back and front faces of the barrier. This
procedure also covers other simpler barriers configurations, such as when the barrier has uniform

width along its height or the reinforcement is similar at both sides.

3.2.1 Sectional Capacity

The flexural capacity around a certain axis is determined by dividing the barrier into
sections at locations of geometrical discontinuities. For example, as shown in Figure 3.1, the
moment function of zone 2 is merged with the moment function of zone 3 by following the sloped

dotted line in Figure 3.1. The procedure for obtaining the sectional flexural capacity around the
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For ¢ach side of the barrier, sum the longitudinal
reiforcement at that side and divide by the full
heigh of the barrier o obtain the reinforcement
ratio per unit height |

vertical and longitudinal axes is shown in Figures 3.3(a) and (b), respectively. The procedure

shown in Figure 3.3 is detailed in the case study section (Section 3.4).

(ﬂngitudinal Ax@

Cul the barrier's profile in plane at locations of
widih discontinnitics 1

I

h

For each side of the barnier, if the cover 1o the
longitudinal reinforcement is not uniform, find a
weighted average cover 2

Considering a segment width equals 1o the
stirrups' spacing, divide the area of stirmips’
legs in each side by that width to obtain the
reinforcement ratio P vt width o]

l -

L 4

Write the depth of reinforcment as a function of
the height for the comesponding section along the

-

heiglu 3

For each side. obiain the plan sectional
capacity as a beam section neglecting the
compression sieel 3

l

I

For each side, oblain the sectional capacity as a
beam section neglecting the compression steel

Find the slopes between two consequtive
sections with respect to the barrier's height 4

I

:

Wite the sectional capacities as a function of the
heighi 5

(a)

Considening lincar variation of the momeint
function. connect the sectional capacities by
the slepes 1o Nind the capacity as a function of
the barrier's height 5

(b)

Figure 3.3: Procedure to Obtain Sectional Capacity around (a) Vertical Axis, (b)
Longitudinal Axis

3.2.2 Formation of Yield Lines

The following assumptions were made to develop the yield line analysis:

1. Concrete is inextensible through the thickness.

2. For barriers that have sloped sides, the value of the deformation angle

measured with respect to an assumed vertical plane and the deformation




angle of the actual sloped side is almost the same. Therefore, the angle
used in the derivations are referenced with respect to the vertical plane.
To prove the second assumption, this study considered a unity deformation at the top of a
barrier with two slopes, as shown in Figure 3.4. The rotation of the vertical plane is given in

Equation 3.3.

L~—Parallel
to initial
inclination

Deformed
Deformed: inclined plane

vertical plane

wat——Tnclined plane

a

NN

Figure 3.4: Rotations of Inclined versus Vertical Planes

1
0, =t -1
1 an h1

Equation 3.3

Distance d; was obtained using Equation 3.4. Using the first assumption regarding the

inextensibility of concrete, distances d;, d2, and d3 should be equal.

h;
d1 = dz = d3 = hztangl = —
h,

Equation 3.4
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Distances a> and a; are given in Equations 3.5 and 3.6, respectively.

a, = hztan Bz

Equation 3.5

as = h3tan B3
Equation 3.6

The tangent of total inclination at the lower part of the barrier is given as:
d
tan (BZ + 02) = m
h,

Equation 3.7

Substituting the values of d> and a> from Equations 3.4 and 3.5 into Equation 3.7 yields:

1+ h tan B,

tan (BZ +02) = h
1

Equation 3.8

Expanding the tangent of two summed angles using trigonometric identities and

simplifying the expression gives the rotation of the lower part as:
1 1
h1 + hltan ZBZ + tan BZ

0, = tan™

Equation 3.9

Similarly, the tangent of total inclination at the upper part of the barrier is:
1+a;—d;3

tan (B3 + 6;) = A
3

Equation 3.10

Substituting the values of d3 and a3 from Equations 3.4 and 3.6 yields:

1+ h,tan 5

tan (Bg +03) = h
1

Equation 3.11
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Expanding the tangent of two summed angles using trigonometric identities and
simplifying the expression gives the rotation of the upper part as:
1 1
hy + hytan?B; + tan B4

0; = tan™

Equation 3.12

Equations 3.9 and 3.12 show that the rotation of the upper part is similar to the rotation of
the lower part because they both depend on the initial inclination of the corresponding surfaces (52
and f3). Differences between Equations 3.3, 3.9, and 3.12 are due to extra terms in the
denominator. However, these extra terms are small compared to /;. Because all the calculations
are based on an exaggerated unit deformation at the tip, the actual angle difference is even smaller
for the small deformation theory. Therefore, the detailed YLA equations derived in the following
section are based on rotations with respect to the vertical plane (6;).

Internal work along the yield lines is the sum of the products of the yield moments and the
rotations through which they integrate along the barrier height (z-axis). Rotations that correspond
to Mz(z) and Mx(z) are 0z(z) and 6x(z), respectively, as shown in Figure 3.5 and Equations 3.13—
3.16.

Figure 3.5: Formation of Yield Lines
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0z(z) =—
x
o X s 2x 2z
— = - = —=
1 LC/Z L, L.tana
_z
" tana
_2H
° tana

Substituting Equations 3.14 and 3.15 into Equation 3.13 results in:

tana
H

0z(z) =

Rotation about the horizontal axis is given in Equations 3.18:

é
0x(z) = 2

Substituting Equations 3.14 and 3.16 into Equation 3.18 results in:

1
0x(z) = i

Equation 3.13

Equation 3.14

Equation 3.15

Equation 3.16

Equation 3.17

Equation 3.18

Equation 3.19

Finally, the differential distance along an inclined yield line ds is given in terms of d- will

be resolved into two components: dx and dz. As the integration is with respect to the depth Z, dx

is given in terms of dz by differentiating Equations 3.15 in terms of z.

dx\*
ds=\/dx2+dzz=dz,(a) +1=dzy1+ cot?a=dz.csca
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3.2.3 Internal Work Along Yield Lines

After obtaining geometrical relationships of the moments and the rotations along the
formed yield lines, the integrals of the internal work along the yield line at the back of the barrier
that are associated with two rotations around the z-axis (one rotation from each triangular piece)

and the two face yield lines are given as:

H Les, H
U, = f M, pack(2) X 20, X dz + Zf M, frone(2) X 0, X dx + 2[ M, frone(2) X 0, X dz
0 0 0
Equation 3.21

The integration direction shown in Figure 3.5 will be from top to bottom for the Z-direction

and from left to center for the X-direction (or right to center when considering the right segment

of the barrier). Thatis, whenx = 0 — z = 0,and when x = LC/ o = z = H.Also, from Equations

3.17 and 3.19, the rotations in both directions along the yield line are constants. Substituting

Equations 3.17, 3.19 and 3.20 into 3.21 gives:

U =2 f”Mzback(z) X tana X dz o fHfomnt(Z) X cota X dz o fﬂ M, front(2) X tana x dz
A H 0 H 0 H
Equation 3.22

3.2.4 External Work by Applied Loads

The length of contact between the vehicle and the concrete barrier is L; in Figure 3.6, and

the force applied by the vehicle is equal to F;. The value of L;is specified in AASHTO (2020).

Lec/2 Lc/2
Lt

Original Posiﬁon/

Wt =FtLt
Figure 3.6: Top View of Vehicle-Barrier Contact
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The external work is given as:

LW,1+x)

1 L,
Ue:Ex(l-l'x)XEXWtXZZ >

Equation 3.23

Using similar triangles in Figure 3.6, the value of x can be:

=1--=2
X Lc

Equation 3.24

Substituting the value of L. from Equation 3.16 into Equation 3.24 and then back into

Equation 3.23 gives the external work as:

Litana
UethWt(l— )

4H
Equation 3.25

When the load acting on the barrier is concentrated at one point (the tip of the barrier),
Equation 3.25 becomes:
U,=F,x1=F,

Equation 3.26
Where load F; is the applied concentrated load.

Equating the internal work from Equation 3.22 with the external work from Equations 3.25

or 3.26 yields the solution for W; and F’ as in Equations 3.27 and 3.28, respectively. A closed-form

solution for Equation 3.27 and Equation 3.28 can be obtained by solving % =0, % =0,

respectively. Another approach to solving for the critical load is to plot their functions against a
range of angles for o and then select the minimum value of W; in Equation 3.27 and F; in Equation

3.28, as conducted for the case study for this research.

_2(J My pac(2) X tana x dz + [ My fron(2) X cot @ dz + [ M, fr.on:(2) X tana x dz)

)

t

HxL(1-

Equation 3.27
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2 ([ M, pack(2) X tana X dz + [ My frone(2) X coOt @ dz + [ M, fron(2) X tan a x dz)
t =
H

Equation 3.28

3.3 Truss Analogy

One of the primary contributions of this research is an innovative approach for obtaining
the ultimate transverse capacity of RC barriers. The approach is based on an equivalent space truss
model with properties defined to mimic the reinforcement of an actual RC barrier. This analogy
differs from the AASHTO YLA presented in Section 3.1 because it relates barrier capacity to the

steel reinforcement only and neglects the contribution of the concrete.

3.3.1 Modeling Concept

The space truss model represents the flexural capacity of the barrier about the longitudinal
and vertical axes by truss elements. The truss profile has the same shape as the barrier stirrups, and
the vertical framing elements of the truss have equal area and spacing to existing stirrups in the
actual barrier, as shown in Figure 3.7(a). Longitudinal reinforcement of the barrier is distributed
on the truss elements that run longitudinally, as shown in Figure 3.7(b). Diagonal members were

provided to satisfy the barrier’s ability to transfer shear forces and diagonal tension.

3.3.2 Equivalent Failure Mechanism

The proposed failure mechanism to simulate barrier failure tracks the yielding of a vertical
or longitudinal bar at a junction node along the first yield line, as shown in Figure 3.8. The tracked
members on the front face of the barrier represent two diagonal yield lines. By the time the two
yield lines complete formation, the back yield line is formed, meaning the ultimate capacity of the

barrier depends on the completion of those two yield lines.
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(b)

Figure 3.7: Truss Analogy: (a) Vertical Frames for Stirrups, (b) Longitudinal Elements for

Longitudinal Reinforcement

Figure 3.8: Truss Analogy with Formation of the First Yield Line

to obtain accurate results of a barrier’s

revealed three essential factors

Research results

ultimate capacity via the proposed truss analogy. First, the analysis type must be nonlinear to

consider the material nonlinearity of the truss elements and capture progressive failure due to yield
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line formation. Therefore, the authors developed a Python script to read input files that contain
nodes, members, boundary conditions, and a loading point. The script then solves the truss using
the stiffness method. The load was applied incrementally using small steps, and all the members
were checked for yielding at each load increment. Yielded members exhibited an updated stiffness
that was used for the truss global stiffness matrix in the next loading step.

Second, the angle of the first yield line (red line in Figure 3.8) varied when determining
the critical angle of inclination that gives the least ultimate load. This variation was due to changing
distances between the vertical frames of the truss. However, varying this distance changed the
configuration of the actual barrier, so the stiffness of the vertical members was multiplied by a
factor equal to the new spacing divided by the original spacing to maintain the same stiffness
distribution of the original barrier model. This factor was sufficient to produce equivalent truss
since the member length and orientation were not affected by the angle variation.

Finally, sizing the diagonal members is a crucial step that affects the results of ultimate
capacity. The recommended approach to size diagonal members starts with an area equal to the
vertical or longitudinal members and then analyzes one loading step while the structure is still
elastic to proportion the magnitude of the load in a diagonal member with respect to longitudinal
and vertical members that form a joint along the yield line. Then the stresses are calculated in the
vertical and longitudinal members and scaled up to the yielding stress level. After applying Mohr’s
circle for the two normal stresses and rotating the angle to the desired diagonal orientation,
Equations 3.29-3.31 were used to find the stress at the diagonal orientation. The obtained diagonal
stress should be scaled up to the yielding stress by reducing the initial area of the diagonal. For
more accuracy, the elastic analysis can be repeated with the updated reduced diagonal area, the
stress calculations can be repeated, and the diagonal area reduction ratio can be obtained until no

change in this ratio is observed.

R = Opertical — Olongitudinal
2
Equation 3.29
C = Opertical + alongitudinal

2
Equation 3.30
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Ogiagonat = R+ C X cos2a

Equation 3.31

In Equations 3.29-3.31, a is the angle of the desired orientation from the longitudinal
direction.

The following section presents a case study that applied the current AASHTO procedure
of YLA, the detailed YLA from Section 3.2, and the truss analogy model presented in Section 3.3.

The solution was verified against numerical analysis of the barrier using Abaqus.

3.4 Case Study

The geometry of the Jersey-shaped barrier shown in Figure 3.1 was simplified by merging
zones 2 and 3. The design of the barrier was provided by the Kansas Department of Transportation
(KDOT), and the dimensions and reinforcement details are shown in Figure 3.9. The concrete
compressive strength (f'c) was 4 ksi, and the steel yield stress (fy) was 60 ksi. Table 3.1 shows

the concrete cover and rebar area information for the capacity calculations.

All longitudinal rebar #4
(As=0.2 in?)
except the most top #6
(As=0.44 in?)

Both stirrups #5
(As=0.31 in?)
spaced at 1 ft

10 in. (face slope = 50%)

v

Footing, Concrete Shoulder,
or Bridge Approach Slab

Figure 3.9: Case Study Jersey-Shaped Barrier
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Table 3.1: Rebar Layout in the Barrier

Front Side Back Side
Bar Id (as in Figure 1 2 3 4 5 5 6 7
3.9)
Area, in? 02 02 02 02 044 044 02) 02
Cover, in. 1.77 4.8 3 3 421 362 236 236

3.4.1 AASHTO YLA Procedure

Because the equations provided by AASHTO (2020) are in U.S. customary units, the
calculations presented in this section are also in U.S. customary units. Neglecting the section
reinforcement and considering the ultimate moment capacity as the capacity corresponding to the

concrete rupture results in:
M, Xc
o

fr

9

Equation 3.32
Where:

Mr = rupture moment,
¢ = centroid of the section, and

lg = gross moment of inertia.

According to the ACI (2014), the rupture modulus is:
fr=17.51fc

Equation 3.33
Where A is 1 for normal weight concrete and f'c is the concrete compressive

strength in psi.

Substituting the value of f’c as 4000 psi results in an f value of 0.474 ksi. Calculation of
the sectional capacity is given in Table A.1.

According to Table A13.2-1 in AASHTO (2020), the height of this barrier classifies as a
TL-4 barrier, so loading was applied at a distributed distance of L, = 3.5 ft. Substituting the values
from Table A.1 in Equations 3.1 and 3.2 resulted in L. = 9.39 ft and R, = 56.2. According to
AASHTO (2020), TL-4 barriers must resist a transverse load F; of 54 kips, which this barrier
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satisfies. However, as described in the following sections, that was not the actual capacity of this

barrier.

3.4.2 Rigorous YLA

In this study, the barrier capacity was obtained using the detailed process described in
Section 3.2. The procedure presented in Figure 3.3 was also followed to obtain the sectional
flexural capacity. Two regions with different linear variations in terms of depth (z) were identified
(Figure 3.9), so two sections were defined to find the flexural capacity around the vertical axis (z-
axis) at the back and front sides. Also, there are three planes with distinct geometry and
reinforcement (the top of the barrier, the point of slope discontinuity, and the base of the barrier).
Therefore, the flexural capacity around the longitudinal axis (x-axis) was represented by the
capacity of these planes and assumed to vary linearly in between the planes. Detailed calculations

of these capacities are shown in Table A.2—A.5 and summarized in Equations 3.34-3.37.

in
6.723 + 0.1615 z kips.— , 0<z<22
— in
Mz?back(z) - in
18.14 — 0.7875 (32 — 2) kips.a, 22<z<32
Equation 3.34
in
8.447 + 0.2383 z kips.— , 0<z<22
_ in
Mz_front(z) = in
25.325—-1.1625 (32 —z)kips.a , 22<z<32
Equation 3.35
in
14.443 + 0.8517 z kips.— , 0<z<22
_ in
M x_back (Z) - in
19.83 + 0.3353(32 — 2) kips.a, 22<z<32
Equation 3.36
in
4.443+0.764 z kips.a , 0<z<22
Mx_front(z) =

in
17.487 +0.3763 (32 - z) kips.—, 22 <z <32
Equation 3.37
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Substituting the moment functions from Equations 3.34-3.37 into Equation 3.27 for the
distributed load along L, = 3.5 ft and into Equation 3.28 for a concentrated load at the middle of

the barrier results in Equations 3.38 and 3.39, respectively.
_48tana+ 30 cota

(-

Equation 3.38

F,=48tana + 30 cota
Equation 3.39

Solving Equations 3.38 and 3.39 for a range of angles and extracting the minimum values
(Figure 3.10), Equation 3.38 gives W;=3.119 kip/in., which, when multiplied by L; =42 in., results
in a capacity Ft of 98 kips. The capacity Ft under the concentrated load (Equation 3.39) is 76 kips.
Although the concentrated load does not represent the vehicular impact force on RC barriers, it
allows a comparison when solving the case study using the truss analogy where loading is
concentrated at the center-upper joint.

Figure 3.10 shows that the ultimate capacity of the barrier obtained using the analytical
solution is about 80% and 40% more than the capacity obtained using the AASHTO YLA for the
distributed and concentrated loading patterns respectively, potentially because the smaller region
of the barrier resisted the concentrated load, causing a localized failure. In addition, the range of
angles with almost the same barrier capacity was 25°-38° when the load pattern was distributed
and 32°-45° under the concentrated load effect, indicating that the variation of yield line
orientation within these ranges does not significantly influence the barrier’s capacity, although it

alters the range of Lc.
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100 4
Ft =76 kips, o = 38°

80
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Angle a (degrees)

Figure 3.10: Critical Capacity Using the Analytical Model

3.4.3 Truss Analogy

This section models barrier reinforcement as an equivalent truss structure with a similar
profile shape to the stirrup cage shown in Figure 3.11, with vertical elements having an area equal
to the stirrup area 0.31 in? (200 mm?), spaced at 1 ft (300 mm) (Figure 3.9), and the longitudinal
elements with an area equal to the sum of all the front side bars divided by four—the number of
vertical panels (1.24/4 = 0.31 in?). The truss can be divided into more vertical panels along its
height to yield more accurate results; however, as the number of elements increases, the analysis
complexity increases. Elastic analysis under 0.25 kips load step with an initial diagonal size of
0.31 in? gave vertical and longitudinal stresses of 0.27 and -0.011 ksi, respectively. Scaling the
higher value to the yielding stress of 60 ksi produced a scale factor of approximately 222 (60/0.27
= 222.2), meaning when the vertical member reaches the yielding stress of 60 ksi, the longitudinal
member has 222 times the stress of -0.011, or -2.4 ksi. The negative value indicates that the

member is under compression. Angle a can be found using the following equation:
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7
=t _1—z31°

Equation 3.40
Where 7 in. is the height of the first vertical panel (Figure 3.11) and 12 in. is the

stirrup spacing.

2 in.

Loading Point

?
7 in.
_V |

7 in.

0
v
0
v
0
\

7 in.

7 in.

Figure 3.11: Model of the Barrier Reinforcement as Truss

Applying Equations 3.29-3.31 yields a diagonal stress of 43.5 ksi, as shown in Figure 3.12.
Therefore, to cause yielding in a diagonal member when the vertical member begins to yield, the
area of the diagonal member must be scaled down by a factor of (300/413 = 0.72), resulting in an

adjusted diagonal area of (0.72x0.31 = 0.225 in?).

6 = 60 ksi
o =43.5 ksi

6 = 2.4 ksi

Figure 3.12: Mohr’s Circle Stress Calculation to Size Diagonal Elements
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Solving the truss using incremental loading of 0.25 kips for a range of a angles gives the

critical load Ft (Figure 3.13), causing truss failure according to criteria in Section 3.3.2.

—&— Analytical concentrated load
100 1" —— Truss model

90 4

Ft =76 kips, a = 38°

Force (kips)

Ft =71 Kkips, a = 36°

60 4

T T
25 30 35 40 45 50
Angle a (degrees)

Figure 3.13: Critical Capacity Using the Truss Analogy Model

The results in Figure 3.13 show the efficiency of the proposed truss analogy model for
predicting ultimate capacity and capturing barrier behavior. The analytical model of the
concentrated load showed a similar loading pattern to the truss model, with differences at angles
above 41° for the two models attributed to the discrete nature of the truss. The truss model
predicted the barrier capacity as 71 kips compared to 76 kips predicted by the analytical model.
Although the truss model is less conservative by approximately 7% of capacity increment, the
concentrated loading pattern did not represent distributed vehicular loading, and the predicted
value remained below the limit obtained by the analytical model of the distributed load (98 kips).
In addition, the capacity increment of the truss model may be attributed to the diagonal members
in the truss. Although these members stabilize the truss and prevent unstable failure mechanisms,
they allow load transfer beyond the concrete resistance. Nevertheless, the results are promising for

further refinement of the currently proposed model and procedure.
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3.4.4 Finite Element Analysis by Abaqus

The final analysis method applied FEA using the implicit solver Abaqus. The model
assembly consisted of the barrier (concrete) and the reinforcement (steel), shown in Figure 3.14,
and the concrete material was modeled using the concrete damage plasticity model (Jankowiak &
Lodygowski, 2005), as shown in Figure 3.15(a). The steel material was modeled bilinearly with a
post-yielding modulus of 5% of the initial modulus, as shown in Figure 3.15(b). The concrete
elements had solid sections with an 8-node linear brick element type (C3D8R). For the model
mesh, the largest concrete element had dimensions of 2.4x2.4x1.6 inches (60x60x40 mm), totaling
5044 solid elements. The steel elements were modeled as beam elements with profiles
corresponding to values in Table 3.1, and the barrier boundary conditions were fixed by restraining

the translational degrees of freedom of the concrete elements at the base.

Figure 3.14: Abaqus FEA Model of the Case Study

The analysis was nonlinear static Riks with loading defined as a pressure applied at the
loading surface (Figure 3.14). The loading surface represents the area that contacts an impacting
vehicle in a real crash scenario. The surface length was 3.5 ft with a width that extended down
until reaching discontinuity in barrier height (22 in.), and the target pressure was 250 psi, which is

equvalent to a target load of 231 kips when considering the area of pressure application.
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Figure 3.15: Material Models: (a) Concrete, (b) Steel
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The analysis predicted a proportionality factor of 0.55 of the target load (231 kips),
resulting in a peak capacity of 0.55x231 = 127 kips, as shown in Figure 3.16. This result is about
30% higher than the analytical solution for the distributed load shown in Figure 3.10 (98 kips).
The reason for such a difference is attributed to the strain hardening in steel that was modeled in
Abaqus which starts after a capacity of about 90 kips. The YLA assumes elastic-perfectly plastic
behavior of steel. This behavior was not considered in the numerical modeling to avoid numerical
instability in the solution. Excluding the strain hardening contribution, it can be shown that the
FEA and the analytical YLA are in a very good agreement, 90 kips compared to 98 kips.

The displacement in Figure 3.16 was measured at a node at the middle-upper edge of the

loading surface (middle of the barrier).

120 ‘

100

80

60 -

Force (Kkips)

40

20 4

0.00 0.02 0.04 0.06 0.08 0.10
Displacement (in.)

Figure 3.16: FEA Load-Displacement Response of the Barrier
Figure 3.17(a) shows the stress contour map of the barrier reinforcement at peak capacity;

the figure legend displays psi units. The formation of yield lines is apparent in the figure when the

points of highest stress in each stirrup connect. According to measurements in the figure, angle a
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was calculated as 31°. Although the model shows that yielding occurred primarily in the vertical
stirrups as in the truss analogy model, at ultimate capacity of the barrier, top segments of the
stirrups did not reach complete yielding within the FEA model. This result could be due to
complete failure of the concrete material, which prevented further load resistance, as shown in
Figure 3.17(b). This result also justifies the lower capacity compared to the analytical solution of
the distributed load (98 vs. 127 kips) since the analytical solution considers yielding of the entire

line. The deformations shown in Figure 3.17 are magnified by 50.
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Figure 3.17: (a) Stress Profile in the Barrier Reinforcement; (b) Maximum Absolute
Principal Strain in the Concrete
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3.5 Conclusion and Recommendations

This chapter discussed the current AASHTO YLA procedure and the disadvantages of this
procedure in terms of capacity underestimation. An alternative rigorous YLA methodology based
on the V-shaped failure pattern was derived, and the procedure for implementing this methodology
was explained. Furthermore, an innovative truss analogy model was proposed as a new technique
for obtaining the transverse capacity of RC barriers by tracking the yielding of certain members
along anticipated yield lines. To verify the presented methodologies, a case study of a Jersey-

shaped RC barrier was analyzed for the ultimate transverse capacity, and a comparison of the

obtained capacities was made, resulting in the following conclusions:

1.

The current AASHTO YLA underestimated the barrier transverse
capacity by more than 50% compared to the detailed YLA and the FEA.
The proposed YLA accurately obtained the barrier capacity under
various transverse loading patterns with perfect agreement between the
capacity obtained by this method and the FEA.

The proposed truss analogy captured the ultimate resistance of the
barrier when subjected to a transverse concentrated load with acceptable
agreement to the analytical solution for the same loading pattern; only a
slight overestimation of the capacity was observed. This model could be
further refined to more accurately represent the barrier and potentially
obtain the capacity under different loading patterns.

Based on results in this study, a distinction in the structural adequacy
criterion should be made between the barrier load resistance and its

geometrical adequacy for vehicle redirection for a specific TL.
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Chapter 4: Assessment of Sub-Standard Concrete Barriers

Many concrete barriers currently used to protect bridge piers from colliding vehicles do
not meet AAHSTO requirements of a minimum height of 42 in. and resistance to a TL-5 crash
event. Although alone these sub-standard barriers inadequately protect bridge piers against VCF,
recent research has proven that their intervention in vehicle-pier collisions helps reduce the
severity of crash effects and subsequent VCF demand on bridge piers. Therefore, comprehensive
understanding of the behavior of sub-standard barriers during high-level crash events is essential
for guiding efficient, cost-effective upgrades to these barriers. This study investigated the behavior
of a sub-standard barrier subjected to TL-4 and TL-5 collision events using a matrix of dynamic
finite element simulations via the FEA program, LS-DYNA. The study considered various
boundary conditions of the barrier, including energy dissipation, velocity reduction, contact force
absorption, and lateral displacement. Results showed that the maximum energy dissipation and
velocity reduction were 45% and 30%, respectively, and the highest contact force demand and

maximum lateral displacement were 131 kips and 31 in., respectively.
4.1 Finite Element Modeling

4.1.1 Single-Unit Truck

The finite element model of the SUT vehicle used in this study, a Ford F800, is shown in
Figure 4.1(a). The model was developed by the FHWA at the National Crash Analysis Center
(NCAC) and downloaded from the National Transportation Research Center, Inc. (NTRCI, 2005).
The model was modified to comply with current MASH specifications for TL-4, such as increasing
the vehicle inertial weight from 17.5 to 22 kips and increasing the impact velocity from 50 to 56
mph. Additional mass was obtained via a ballast concealed within the cargo area directly behind
the truck cab, as shown in Figure 4.1(b). The height of the center of gravity (CG) of the ballast
was 67 in. The modified model contained 154 parts, 35,000 deformable elements (96% shell
elements), 2.5% solid elements, and approximately 1.5% beam elements. An accelerometer was

located at the CG coordinates to measure kinetic properties of the vehicle during the crash.

39



(b)

Figure 4.1: (a) Ford F800 SUT Finite Element Model, (b) Added Mass in Cargo Area

4.1.2 Tractor Semi-Trailer

The TST finite element model used in this study was a simulation of a GMC 1991 truck
used in Miele et al. (2010) and shown in Figure 4.2(a). The total inertial weight was 81 kips,
including the added ballast shown in Figure 4.2(b) with a CG height of 6.4 ft (1950 mm). The only
modification was the impact velocity, which was decreased from 52.8 to 50 mph to comply with
current MASH TL-5 conditions. The model contained 583 parts, 375,540 deformable elements
(80% shell elements), 20% solid elements, and a negligible percentage of beam elements. An
accelerometer was placed at the CG coordinates to measure kinetic properties of the vehicle during

the crash.

Figure 4.2: (a) GMC 1991 TST Finite Element Model, (b) Ballast Load
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4.1.3 Sub-Standard Jersey-Shaped Barrier

KDOT provided the barrier model design used in this study (Figure 3.9). The barrier model
contained a concrete parapet, transverse stirrups, and longitudinal bars. The parapet was modeled
using a constant stress solid element section and the continuous surface cap model (CSCM) for
the material (Livermore, 2017). The steel reinforcement was beam sections with Hughes-Liu
element formulation and the piecewise linear plasticity material model (LS-DYNA MAT 024),
and the reinforcement was constrained within the concrete using a Lagrange-in-solid constraint.
The CSCM concrete material model considers strain rate effects.

A single concrete element was modeled and subjected to tensile and compressive
displacement-controlled loading at different rates to validate the behavior of the concrete material
model. The ratio of concrete dynamic strength to static strength was compared to experimental
studies by Ross et al. (1995) for the tensile behavior and Bischoff and Perry (1995) for the
compressive behavior. Results showed that the default values accurately capture the concrete
response up to a rate of 1 strain per second, after which the model underestimates the concrete
strength. Therefore, further calibration of tensile and compressive strain rate parameters (7. and
n:) from LS-DYNA (Livermore, 2017) and Murray (2007) was necessary to adjust the behavior at
high strain rates. The concrete stress strain curves generated at various strain rates are plotted in
Figure 4.3(a) to illustrate the effect of the strain rate. Figure 4.3(b) shows that the two banded
ranges from experimental scattered data points reported by Ross et al. (1995) and Bischoff and

Perry (1995) enclosed the present tension and compression curves after calibration.
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This study also tested a steel coupon in tension to validate the steel material model. The
resulting constitutive relationship was then idealized and used to simulate the coupon in LS-
DYNA. Figure 4.4 shows that complete matching in the constitutive behavior was obtained, and

Table 4.1 lists the properties of the barrier materials used in the LS-DYNA simulations.
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0.00 0.01 0.02 0.03 0.04 0.05
Strain
Figure 4.4: Validation of Steel Material
Table 4.1: Materials Properties
Properties Concrete Steel
LS-DYNA model * MAT_159 * MAT_024
Density (Ib/ft?) 152 489
Elastic modulus (ksi) 3,626 30,000
Poisson’s ratio 0.19 0.3
Compressive/Yield strength (ksi) 4 60
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Two boundary conditions were considered for the barrier to cover possible construction
scenarios. The fixed boundary condition was achieved by fixing all the degrees of freedom of the
dowels at the pavement level, as shown in Figure 4.5(a), while the free boundary condition, which
represents portable concrete barriers (PCBs), modeled the barrier as one continuous unit (Figure
4.5(b)) segmented into 12.5 ft (3.8 m) units (Figure 4.5(c)). Connection details between the
segments for typical barriers in Kansas were provided by KDOT, and these connections were

simulated by modeling rebar hooks with a rigid solid pin, as shown in Figure 4.5(c).

AR —

(a) (b)

(c)
Figure 4.5: Modeling Barrier Boundary Condition: (a) Fixed, (b) Free, (c) Segmented

Pin-to-hook connectivity was accomplished using the CONSTRAINED JOINT
REVOLUTE option in LS-DYNA. Dowels measuring 3.25 ft from each end of the free barriers
were fixed at the pavement level to provide edge anchorage, as in Rosenbaugh et al. (2007). The
barrier was free to displace without friction between its bottom face and the ground to reflect the
criticality of lateral displacement. The location of the first impact point between the vehicle and
the barrier corresponded to the location of the critical impact point (CIP), or the location that
maximizes the risk of barrier failure. The barrier length and CIP in this study were 148 ft and 24.6
ft, respectively, according to Sheikh et al. (2011). The segmented barrier was slightly longer than

148 ft due to the connection distance between the segments.
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4.2 Model Validation and Solution Verification

The models were validated by comparing the results of the simulation to experimental
testing results and existing simulations in the literature (model-to-model validation). FEA results

were verified by examining the system energy balance and energy conservation.

4.2.1 Experimental-Numerical Validation

To verify the simulation reliability and validate the numerical model, the barrier used for
the experimental crash event in Sheikh et al. (2011) was modeled and assigned the materials
properties listed in Section 4.1.3. Figure 4.6 portrays the crash sequence at certain time steps

(phenomenological events) for the Sheikh et al. (2011) study and the TL-4 model in this study.

Sheikh et al.
(2011)

TL-4 model in this
study

Time (s) 0.00 0.17 0.34 0.50
Figure 4.6: Comparison of Crash Simulation Sequence to Experimental TL-4 Crash

As shown in Figure 4.6, the vehicle behavior in this study was qualitatively identical to the
experimental crash event at various time steps except that, in the experiment, the front wheel stayed
in contact with the barrier due to high friction. This behavior was not fully captured in the present
simulation. The friction value between the tires and the barrier was 0.75, as recommended by
Trajkovski et al. (2018), and friction between the truck body and the barrier was 0.20, as in Cao et
al. (2020). To further validate the simulation, the moving average acceleration of 50 ms at the CG
reported in the experimental crash was plotted against the numerical simulation, as shown in Figure

4.7. Perfect matching was observed until the rear wheels hit, followed by a slight difference in the
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recorded acceleration that may be attributed to the various characteristics of mass distribution in
both vehicles. A model-to-model comparison was also made against numerical simulations of the
experimental crash event by Cao et al. (2020). Notably, the vehicle mass in the Cao et al. (2020)

simulation was not upgraded to meet current MASH requirements.
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Figure 4.7: Acceleration Readings at CG

The contact force resulting from the impact between the vehicle and the barrier for the
simulation is shown in Figure 4.8. The comparison in the figure shows high consistency at the
beginning of the crash event when the bumper and the front wheels hit the barrier, followed by a
difference in acceleration values and time of impact at the middle segment (time = 0.1-0.15 s) due
to differences in vehicular mass. Results of this study demonstrated higher contact force with rear
impact (approximately 700 kN compared to 500 kN in Cao et al. (2020)), or the contact between
the cargo area and the barrier. This contact was avoided in the Cao et al. (2020) simulation due to

lighter gravitational force, which allowed the cargo area to pass above the barrier. In general, this
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simulation accurately captured the peak forces and overall crash behavior. This study also
simulated the barrier under a TL-4 crash event, and the resulting barrier damage was compared to

the experimental test for the same barrier, as reported by Bullard et al. (2010).
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Figure 4.8: Comparison of Model-to-Model Contact Force Results
Damage on the simulated barrier was presented as effective plastic strain, or the plastic

component of the rate of deformation tensor, in LS-DYNA, as shown in Figure 4.9. The results

indicate high consistency in the damage locations throughout the barrier.
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4.2.2 Solution Verification

According to Consolazio et al. (2003), monitoring energy components is essential for
identifying model errors and numerical defects in impact simulations. The energy monitoring used
to verify this model verified energy conservation in the numerical simulation throughout the crash
event. The total energy (TE) in a mechanical system exists as kinetic energy (KE), internal energy
(IE), hourglass energy (HGE), damping energy (DE), sliding energy (SE), and rigid wall energy
(RWE). At every time step during the event, the TE should be equal to the IE in the system (kinetic
and/or internal) plus the external work (W). HGE is a fictitious form of energy that describes the

energy consumed to distort the elements. The ratio of HGE to the TE indicates whether a
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simulation is affected by artificial numerical effects; this ratio should be close to zero for an
adequate mesh (Consolazio et al., 2003).

Equation 4.1 provides the energy conservation in a simulated system. Dividing the left-
hand side of Equation 4.1 by its right-hand side gives the energy ratio, as shown in Equation 4.2.

This ratio was near unity, indicating the conservation of energy throughout the simulated event.

KE + IE + HGE + DE + SE + RWE = KEisitar + 1Einitial + 4
Total Energy (TE) Initial Energy External Work

Equation 4.1

Total Energy (TE)
Initial Energy + External Work

Energy ratio =

Equation 4.2

Figure 4.10(a) shows the conservation of various energy components in TL-4 simulations.
As shown, the vehicle starts with a kinetic energy of KE,itiq1 = %mv2 = 3.2 Mega Joules (MJ),
where m is the model mass 22 kips (10,000 kg) and v is the initial velocity 56 mph (25,000 mm/s),
respectively. Once the impact event started, the KE transformed to IE, SE, and minimally HGE,
DE, and RWE. Figure 4.10(b) shows an approximate 8% loss in the energy ratio at 0.3-0.4 s and
then a return to ratio unity. This difference may be due to the high impact between the barrier and
the rear wheels of the vehicle that occurred during this time interval. Since the performance of the
sub-standard barrier was also evaluated under TL-5 crash events, model accuracy of the TL-5 crash

event was essential.
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Figure 4.10: TL-4 Validation by Energy Balance: (a) Energy Components, (b) Energy Ratio
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Figure 4.11(a) shows the conservation of energy components in a TL-5 simulation, where
the initial kinetic energy is KE,itiq1 = %mv2 = 9.1 MJ, m is the model mass 81 kips (36,700 kg),
and v is the initial velocity 50 mph (22,250 mm/s), respectively. As shown in Figure 4.11(b), the
energy ratio for the simulation was near unity throughout the crash event. Mass scaling was utilized
to improve the overall time-step; this mass, which was reflected in the energy calculations, caused
KEipitia: to be slightly higher than 3.2 and 9.1 MJ for TL-4 and TL-5, respectively. Finally, the
ratio of HGE to TE in both events was less than 1%, which is a negligible value that proves the

absence of numerical instabilities that may affect the results of this study.
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Figure 4.11: TL-5 Validation by Energy Balance: (a) Energy Components, (b) Energy Ratio
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4.3 Analysis Results and Discussion

4.3.1 Energy Dissipation

Figures 4.12(a) and (b) show the performance of a sub-standard barrier for dissipating
impact energy; thereby reducing the vehicle KE and developing IE during TL-4 and TL-5 crash
events, respectively. For a TL-4 crash event, Figure 4.12(a) shows that the boundary condition
only minimally affected the barrier’s reduction of the KE. As shown, fixed and segmented barriers
varied only slightly and reduced the KE by approximately 20% and 22.7%, respectively
(approximately 3.3 to 2.65 and 3.3 to 2.55 MJ). Free barriers caused less reduction (approximately
16.4%, 3.3-2.77 MJ). The minimal KE reduction and slight difference between various boundary
conditions may be due to decreased engagement of the barrier with the impacting vehicle. In other
words, the vehicle body was small and traveled at high velocity, causing the vehicle to overturn
and roll over the barrier before a complete barrier response was observed. Therefore, energy
reduction primarily depends on the initial response of the barrier immediately after impact. Barrier
behavior related to boundary conditions was observed in the TL-5 crash event, shown in Figure

4.12(b).
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Figure 4:12: Dissipation of Impact Energy During (a) TL-4, (b) TL-5 Crash Events
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Results showed that fixed and segmented barriers behaved similarly; both reduced the
vehicle KE by approximately 45% (approximately 9.2—5.20 MJ) compared to approximately 30%
for the free barrier. However, a higher percentage of KE reduction was associated with the TL-5
crash due to increased engagement of the barrier during the crash because the TL-5 vehicle was
larger and traveled at less velocity. Finally, the free boundary condition in both test levels reduced
the KE least, potentially due to the high deformability of the free barriers compared to the fixed
barriers. Although segmented barriers share the deformability feature with free barriers, they have
rigid connections between the segments that increase barrier stiffness and absorb more energy. All
KE reductions were accompanied by increased IE as a form of energy conservation previously

shown in Figure 4.10 and Figure 4.11.

4.3.2 Velocity and Acceleration Reduction

Figures 4.13(a) and (b) show the performance of the sub-standard barrier for reducing the
vehicle’s impact velocity during TL-4 and TL-5 crash events. Results showed that fixed and
segmented barriers reduced the initial velocity by approximately 17% (56—46.6 mph), while free
barriers caused a 14% reduction during the TL-4 event (Figure 4.13(a)). Conversely, the initial
velocity decreased by approximately 30% (50-35 mph) for fixed and segmented barriers and
approximately 22% by free barriers during the TL-5 event (Figure 4.13(b)). A similar trend was
observed for energy dissipation due to stiffness from the dowels and side connections of fixed and
segmented barriers, respectively. Because acceleration is the derivative of velocity, barrier
reduction of vehicle acceleration reflected similar reduction behavior. Graphs showing such trends

are not included for brevity.
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4.3.3 Lateral Displacement

The displacement history of each node at the upper back edge of the barrier was extracted,
and the maximum displacement value for each node location was recorded to obtain the maximum
displacement profile along the barrier. Negative displacements (toward the vehicle side) were
neglected and recorded as zero. The reported locations of maximum displacement were associated
with a CIP of 24.6 ft, as discussed in Section 4.1.3. Although the impact point in a real crash event
is unpredictable, results of this study suggest that the location of maximum displacement along the
barrier is relative to the CIP location. Therefore, engineers would benefit from knowing the
possible location of maximum barrier lateral displacement along the barrier length with respect to
the impact point, as shown in Figures 4.14—4.16, which prove that boundary condition significantly
influences the maximum lateral displacement value and location.

As shown in Figure 4.14, the maximum lateral displacement for the fixed barrier was
approximately 0.32 and 1.5 in. for TL-4 and TL-5 crashes, respectively, and the location of
maximum lateral displacement was approximately 33 ft and 24 ft (11 and 8 m) from the edge of
the barrier in TL-4 and TL-5 crashes, respectively (11.5 and 1.65 ft from the CIP location). For
TL-4 crashes, the 36 ft location was affected by the first contact of the front bumper/wheel,
followed by a similar peak when the rear wheels hit the barrier. For the TL-5 event, maximum

displacement occurred at the 26 ft location due to rear wheel impact that occurred late in the crash.
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Figure 4.14: Lateral Displacement Profile along the Fixed Barrier

According to study results, free barriers experienced more lateral displacement than fixed
barriers, with approximately 31.5 and 22.8 in. for TL-4 and TL-5 crashes, respectively, as shown
in Figure 4.15. The location of maximum lateral displacement for both test levels was similar, with
36.4 and 37.7 ft (11.8 and 13 ft from the CIP) for TL-4 and TL-5 crashes, respectively. As
expected, the nodal time histories showed that lateral displacement continued to increase as the
crashing vehicle remained in contact with the barrier due to the free boundary condition that allows

the barrier to deform.
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Figure 4.15: Lateral Displacement Profile along the Free Barrier

Lateral displacement results from the segmented barriers were between fixed and free
barriers, with 15.7 and 11.8 in. for TL-4 and TL-5 crashes, respectively. The gridlines in Figure
4.16 represent the barrier segments. As shown in the figure, because the first segment included
fixed dowels at the end of the segment, maximum displacement occurred at the beginning of the
second segment (12.8 ft) during the TL-4 crash. Another peak occurred within the third segment
due to the rear wheel hit, but this hit produced less displacement. The location of maximum lateral
displacement was closer than the first impact point (12.8 ft compared to 26 ft) due to segmentation
of the barrier, which allowed a door-like displacement mechanism at the first connection between
segments. The same behavior was observed for the TL-5 crash event except for a significant rear

wheel hit within the third segment (at 31.5 ft) that produced higher displacement than at the

beginning of the second segment.
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Figure 4.16: Lateral Displacement Profile Along the Segmented Barrier

The reported displacements were a result of a TL-4 crash event that lasted 0.5 s and a TL-
5 event that lasted 1.0 s. Although longer simulations are informative, they are hard to achieve due

to computational costs and model instability as the crash progresses. However, the selected

durations were sufficient to extract the Qol in this study.

4.3.4 Contact Force

The barrier lateral contact force due to an impact event occurs perpendicular to the face of
the barrier and is summed over all nodes involved in the contact. In other words, the barrier lateral
contact force represents the force demand due to contact with an impacting vehicle. This analysis
helps to quantify the VCF and design barriers that are structurally capable of meeting the required
demand. AASHTO (2020) describes this force as the transverse force (F;). However, the contact

force described in this section is a result of dynamic simulations, while the design forces of traffic
barriers in AASHTO (2020) are static forces. Previous studies such as El-Tawil et al. (2005), Zhou
et al. (2017), and Roy et al. (2021) have estimated the ESF to represent the peak impact force
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(PIF). The transverse VCF in this study was filtered using an SAE 60-Hz filter that removes force
spikes that occur over a very short duration due to high-frequency numerical noise (SAE, 1995;
Cao et al., 2020).

Figures 4.17(a) and (b) show the lateral contact force exerted on the sub-standard barrier
during TL-4 and TL-5 crash events, respectively. Analysis of the contact force was categorized as
two main events. The first event occurred when the front wheel/bumper hit the barrier, and the
second event corresponded to the rear wheel hit. As shown in Figure 4.17(a), the boundary
condition was minimally influential on the value of the force resulting from first contact during a
TL-4 event. The barrier was subjected to 67.5, 57.3, and 66.3 kips in fixed, free, and segmented
barriers, respectively. This slight difference was attributed to increased stiffness from the fixed
barriers. Although the same results were expected for the second event, the deformability of the
free and segmented barriers caused the vehicle to maintain lower elevation during impact, resulting
in contact of the rear step bar and the barrier and a subsequent spike in contact force for the free
and segmented boundary conditions. Figure 4.17(a) also shows increased deformation of the step
bar in the segmented barrier compared to the fixed barrier, which caused the force spikes. Because
this phenomenon is vehicle-dependent and may not occur with other crashing vehicles with
identical inertial characteristics but higher CG, these spikes were reasonably excluded from the
comparison. Therefore, the fixed and segmented barriers resulted in approximately the same

contact force peaks of 69.7 kips, while the free barriers had contact force peaks of 33.72 kips.
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As shown in Figure 4.17(b), similar contact force behavior with different force magnitudes
occurred in TL-5 crash events. Fixed, free, and segmented barriers were subjected to 130.4, 94.5,
and 108 kips, respectively, during the first contact. Since the TST vehicle had higher CG elevation
than the SUT, the second contact resulted in expected forces according to unique boundary
conditions. Fixed, free, and segmented barriers experienced peak forces of 213.6, 47.2, and 154
kips, respectively, indicating the increased influence of the boundary condition for TL-5 crashes
compared to TL-4 crashes. Finally, results showed that the more flexibility was available, the

longer it took for the second impact event to occur for both test levels.

4.3.5 Structural Adequacy

The structural adequacy evaluation criteria summarized in MASH emphasize the ability of
the test article (sub-standard barrier) to contain and redirect the vehicle or bring it to a controlled
stop. Also, the impacting vehicle should not penetrate or override the installation with acceptable
controlled lateral displacement in the test article. Simulations in this study showed that fixed, free,
and segmented barriers subjected to TL-4 and TL-5 crash events redirected the impacting vehicle
with no penetration but some overriding/rollover at later stages of the impact event. The lateral
displacements were controlled for fixed barriers during a TL-4 crash, but excessive displacements
were observed for all other cases. Therefore, determination of the effectiveness of sub-standard
barriers to protect bridge piers depends primarily on the location of the pier behind the barrier.
AASHTO (2020) specifies a minimum distance of 3.25 ft between the top edge of the traffic face
of the barrier and the face of the protected pier, meaning that possible contact can occur between
the cargo of the impacting vehicle and the pier when there is a tendency of overriding the barrier
and the pier is close to the barrier. In addition, excessive displacements, especially in free boundary
conditions, may reach the piers located behind the barrier, causing another source of loading due
to contact with the deformed barrier. To further investigate the effectiveness of sub-standard
barriers as protection for bridge piers against VCF, the next section presents a case study of a pier

system subjected to a TL-4 crash event.
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4.4 Case Study

This section compares the behavior of a sub-standard barrier to a standard barrier for a TL-
4 crash event. Future research should include higher test levels, such as TL-5. A pier system of an
existing bridge provided by KDOT was modeled and placed behind barriers in two TL-4 crash
events. The first event included the sub-standard barrier in this study, while the other event
included the standard TL-4 barrier tested in Sheikh et al. (2011). Because the behavior of the
segmented boundary condition in terms of the Qol was between fixed and free, only the two
extreme boundary conditions were considered in the case study. The distance between the face of
the pier and the traffic face of the barrier was 3.25 ft, as per AASHTO. The center of the first pier
corresponded to the location of the maximum lateral displacement depending on the boundary
condition, as discussed in Section 4.3.3. The study then compared the effectiveness of each barrier
for protecting the piers in terms of damage induced on the piers and the resulting contact force.

The numerical model of the pier system shown in Figure 4.18 contained the same material
properties discussed in Section 4.1.3. The translational stiffness transverse to the bridge orientation
and the torsional stiffnesses were obtained from the steel girders and deck slab, as represented by
translational and rotational springs in Figure 4.18. Calculations of the translational and rotational
springs stiffnesses are shown in Figure 4.19 and Equations 4.3—4.8. Since the translational stiffness
in the direction of the bridge orientation was very high, rollers were placed across the depth of the
pier beam to restrict motion in that direction. The base of the piers was fixed to model the pier
piles and the stiff foundations. Only the dead load calculated from the tributary length of the bridge
was uniformly applied as a surface load on the pier beam. The duration of the simulations was
increased to 0.8 s to cover potential damage at advanced stages in the crash event. Damage induced

on the barriers and the piers was investigated using the effective plastic strain fringe in LS-DYNA.
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As shown in Figure 4.20, the sub-standard barrier for fixed barriers (Figure 4.20(a)) was
heavily damaged at the beginning of the crash event, causing the vehicle’s cargo to approach the
first pier. This contact was avoided for the standard barrier, shown in Figure 4.20(b). At a later
stage in the event, as the vehicle tended to roll over the barriers, the last pier was hit by the vehicle

in both barriers.
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(a) (b)
Figure 4.20: Damage to Piers Protected by (a) Fixed Sub-Standard Barrier, (b) Fixed
Standard Barrier

VCF demand on the pier system with fixed barriers is shown in Figure 4.21. According to
the figure, approximately 157.3 kips were applied to the first pier when protected by the sub-
standard barrier when the contact was avoided in the case of the standard one. Approximately

269.6 kips were applied to the third pier for both barriers.
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Figure 4.21: VCF on Bridge Piers Protected by Fixed Barriers
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For the free boundary condition, both barriers deformed during the crash, and the vehicle
was able to reach the first pier, as shown in Figures 4.22(a) and (b). However, the standard barrier
decreased the damage on the middle pier. The VCF was approximately 180 kips in the first pier
for both barriers and 269.7 and 168.6 kips in the middle pier with the sub-standard and the standard
barriers, respectively (Figure 4.23). The vehicle model was not shown in Figures 4.20 and 4.22 to
allow better observation of the damage of the elements under consideration.

The previous VCF values of the piers were obtained from a TL-4 crash event. Based on
the findings in this case study, the sub-standard barrier should transfer higher VCF values to piers
during a TL-5 crash event. However, when a standard TL-5 barrier is used, the vehicle may clear
the pier system with minimal VCF transferred to the piers, which supports the current requirements
of AASHTO (2020) specifications. Although the sub-standard barrier is not structurally adequate
to solely protect bridge piers and allow them to withstand a VCF of 600 kips as per AASHTO
(2020) specifications, the sub-standard barriers considerably reduce the required demand on the

pier and allow feasible retrofitting solutions for aging bridge infrastructures.

(a) (b)
Figure 4.22: Damage to Piers Protected by (a) Free Sub-Standard Barrier, (b) Free
Standard Barrier
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Figure 4.23: VCF on Bridge Piers Protected by Free Barriers

The peak VCF experienced in the TL-4 crash event was approximately 1200 kN, or 45%
of the currently required ESF. This percentage is expected to be higher with a TL-5 crash event,
but a reduction in AASHTO’s requirements might still exist, which may offer some flexibility for

engineers and decision makers in the highway industry.

4.5 Conclusions and Recommendations

In this study, common sub-standard barriers were examined to investigate their ability to
lessen the level of impact damage and protect bridge piers from VCF. An extensive and detailed
simulation matrix revealed decreased kinetic energy, velocity of the impacting vehicle, lateral
displacement, and contact force demand on the barrier. A case study of a pier system was also
simulated to compare a sub-standard barrier to a standard barrier to determine barrier effectiveness
at reducing the impact effect on piers during a TL-4 crash event. The following conclusions were
drawn:

1. The base boundary condition of the barriers significantly influences

specific performance parameters. For example, the fixed base boundary
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condition more efficiently reduces lateral displacement than the free
base boundary condition, but it increases the contact force demand on
the barrier and is less economically efficient.

For both test levels, the sub-standard barrier redirected the impacting
vehicle without complete penetration. However, some overriding and
rolling over occurred at later stages of the crash event. According to
MASH, this type of barrier is structurally inadequate for TL-4 and TL-
5 crash events.

As an intervening structure, structural inadequacy does not imply the
inability to absorb impact forces. Based on the findings, this study
recommends that AASHTO specifications accept sub-standard barriers
as one level of protection for reducing the required lateral resistance of
bridge piers to withstand VCF.

Future research should extend the current study to include bridge piers
during TL-5 crash events for a more comprehensive understanding of
critical VCF transfer to bridge piers with sub-standard barriers. Also,
varying the distance between the pier face and the traffic face of the
barrier would increase the evaluation accuracy of the recommended

clear distance to minimize VCF on bridge piers.
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Chapter 5: Estimation of Vehicular Collision Force on Bridge
Piers with Sub-Standard Barriers

Critical infrastructures, such as bridges, should be able to resist extreme loading events.
Among the potential hazardous events, vehicle collisions are becoming increasingly common.
Modern AASHTO bridge design specifications require a limit state to account for VCF when
bridge piers are within the clear zone defined by AASHTO (2020). AASHTO specifies two
methods to address this limit state: (1) provide an intervening structure that can absorb the VCF
and/or redirect the colliding vehicle, or (2) design the piers to resist a lateral load equivalent to 600
kips. Many aging bridges that were designed prior to recognizing the VCF as a limit state fail to
meet modern specifications because either the piers were designed to resist a lower lateral load
than the specified limit or the installed intervening concrete barrier is not standard and therefore
not qualified to protect piers against VCF.

This paper introduces a new approach to address the requirements of modern standards.
The approach is based on the blended contribution of a sub-standard barrier and the under-designed
bridge pier in terms of VCF requirements, as well as a matrix of dynamic simulations using LS-
DYNA to consider various crash scenarios. Results showed that a sub-standard barrier can
decrease the estimated VCF by approximately 25%, leaving 75% to be resisted by the existing

pier.
5.1 Simulation Matrix and Study Phases

The simulation matrix in this study consisted of a variety of parameters. For example, the
SUT traveled at 56 mph to represent a TL-4 crash event, as described in Section 4.1.1, while the
TST traveled at 50 mph to represent a TL-5 crash event, as described in Section 4.1.2. Two barrier
boundary conditions were also considered; the fixed base barrier represented fixed installation by
extending vertical reinforcing bars into the pavement along with free base barriers, such as PCBs.
The barrier segment length was assumed to be 100 ft to comply with an experimental study by the
NCHRP for a similar barrier type (Bullard et al., 2010) and the barrier model described in Section
4.1.3. The vehicles were directed to attack the barrier at an angle of 15° according to MASH
guidelines (Table 2.1) for TL-4 and TL-5 crash events. AASHTO (2020) provisions recommend
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that VCF be applied on bridge piers at a maximum angle of 15°, but this study expanded the
simulation matrix to include a 25° angle of attack. Although this modified angle is unlikely to
occur, especially under bridges, the simulation of steep angles is beneficial for load demand
comparisons of piers relative to AASHTO’s maximum angle.

This study also considered three pier locations along the barrier length to investigate the
least desired position that attracts the highest contact force. Since dynamic simulations demand
high computational costs and significant time and to keep the simulation matrix reasonable and
achievable, the variation in pier location along the barrier’s transverse direction was not considered
in this study. Only the case that represented the worst loading scenario on the pier (located directly
behind the barrier) was considered. Therefore, the pier position along the barrier’s transverse
direction was set to zero. The first vehicle-barrier contact point was 7 ft from the barrier edge, and
the three positions of the pier were 3, 5, and 7 ft from the first vehicle-barrier contact point along

the barrier length. The parameters of the simulation matrix are shown in Table 5.1.

Table 5.1: Simulation Matrix Parameters

Vehicle type SUT TST

Barrier boundary Fixed Free Fixed Free

Barrier segment length (ft) 100

Angle of vehicle attack 15° 25° 15° 25° 15° 25° 15° 25°
10 10 10 10

P @ B w
14 14 14 14

In the first phase of the study, the simulation matrix was composed of 24 simulations. A
simulation with the name [SUT Fixed 100 15 10] represented a crash event involving an SUT
vehicle impacting a fixed base and a 100-ft long barrier at an angle of 15° with a pier behind the
barrier located 10 ft from the barrier’s edge (Figure 5.1). The objective of this phase was to

determine the critical dynamic impact force (DIF) based on a proposed ESF to account for the
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VCF for a sub-standard barrier. In the second phase, the obtained ESF was applied laterally to

obtain the internal forces in the pier, which were then compared to the pier’s actual capacity.

0 et
SUT vehicle 15 v

Figure 5.1: Simulation Matrix Parameters

5.2 Phase 1: Modeling and Results
5.2.1 Under-Designed Pier

5.2.1.1 Geometry and Materials

The pier models in this study were designed according to KDOT, with a length of 18.5 ft
and a cross-section, as shown in Figure 5.2(a). The same material models used for the barrier were
used in the pier model. All rebars were explicitly modeled as beam elements, and the concrete was
modeled as solid elements. The reinforcement was constrained within the concrete barrier using a
Lagrange-in-solid constraint. Parameters for the models were taken from LS DYNA (Livermore,
2017), and details on the concrete-material model validation and calibration were taken from
Agrawal et al. (2018). The concrete and steel properties used in the simulations are shown in Table

4.1.
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Figure 5.2: (a) Pier Cross-Section and Details, (b) Boundary Condition

5.2.1.2 Boundary Conditions

This study considered two boundary conditions for the barrier. First, the fixed base
boundary was achieved by fixing all the dowel nodes at the base level, as shown in Figure 4.5(a),
while in the free base boundary, only dowels within 3 ft (1 m) of the barrier edges were fixed to
provide barrier anchorage, as shown in Figure 4.5(b). The pier was fixed on both ends to achieve

maximum stiffness and attract higher contact force, as shown in Figure 5.2(b).

5.2.1.3 Standard Requirements

The barrier was considered sub-standard because its clear height was 32 in., which was less
than the 42 in. specified by AASHTO (2020). The pier was subjected to an ESF of 600 kips as
suggested by AASHTO (2017). The provisions require that the ESF be applied 2.0-5.0 ft from the
ground level (Figure 5.3). The end moments and shears for the fixed-fixed boundary shown in

Figure 5.3 were found using Equations 5.1-5.4 and calculated in Table 5.2.
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Figure 5.3: End Forces in the Pier
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Table 5.2: Internal Forces in the Pier (Figure 5.3) Due to 600 kips VCF

Moment Shear
a
(Figure 5.3) End Kip.ft End Kips

Mab 954.57 Vab 580.48

2 ft
Mba 115.70 Vba  19.52
Mab 1597.52 Vab 492.21

5 ft

Mba 591.67 Vba 107.79

The capacity of the pier section was calculated using KDOT Column Expert software to
adapt the model developed by Rasheed and Abouelleil (2015) and provide a shear-moment
capacity interaction diagram at a specific axial force. The user interface and input parameters used

in the software for the pier are shown in Figure 5.4.
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Figure 5.4: KDOT Column Expert User Interface and Input Parameters
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The capacity of the pier section was calculated with the pier subjected to an axial load
comprised of dead load effects from the bridge beam, girders, and the deck. The dead load
calculations were based on the tributary length of the bridge segment above the pier beam, a length
that was equal to half the distance to the abutments from each side for a bridge with a single pier
line, or the length was equal to half the distance to the abutment plus half the distance to the next
pier for the exterior piers line for the bridge shown in Figure 2.1. In addition, a tributary length of
124.6 ft resulted in an approximated axial load of 450 kips, assuming a two-pier transfer beam.
The capacity interaction diagram for the pier under the given estimated axial loading (Figure 5.5)
shows that the pier would not resist the 600 kips ESF suggested by AASHTO, making it an under-

designed pier.

Capacity Interaction Diagram (450 Kips axial DL)
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Figure 5.5: Capacity Interaction Diagram for the Pier
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5.2.2 Simulation Results

In this study, the contact force demand on the pier behind the barrier was a result of vehicle-
pier contact and barrier-pier contact. The vehicle-barrier contact was not reported because it did
not influence the load demand on the pier. Figures 5.6(a)—(d) show the results of the SUT vehicle
when attacking fixed and free barriers at angles of 15° and 25°. The results are summarized in
Table 5.3. The results showed that the barrier boundary did not significantly influence the DIF.
The similarity of the PIF and the critical location of the pier in both boundary conditions in the
two angles of attack could be due to direct engagement of the pier in the impact because of the
close distance between the pier and the first contact point. If the pier had been further from the
contact point, higher forces would have been absorbed by the barrier, yielding lower contact forces
for the pier. However, the intent of this study was to place the pier in the critical location to resist
higher impact forces rather than investigate the effect of barrier boundary conditions on contact

force absorption.
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Figure 5.6: Dynamic Impact Force from TL-4 Vehicle at: (a) Fixed Barrier at 15°; (b) Free
Barrier at 15°; (c) Fixed Barrier at 25°; (d) Free Barrier at 25°
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Figure 5.6 (continued): Dynamic Impact Force from TL-4 Vehicle at: (a) Fixed Barrier at
15°; (b) Free Barrier at 15°; (c) Fixed Barrier at 25°; (d) Free Barrier at 25°
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As expected, impact force increased when the angle of attack was 25° because the
impacting vehicle tended to penetrate the barrier rather than deviate and regain stability. For the
TST vehicle, Figures 5.7(a) and (b) reflect a similar trend to the SUT regarding the effect of
boundary condition on the DIF when the angle of attack is 15° with a slightly higher PIF when the

barrier has a free base.
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Figure 5.7: Dynamic Impact Force from a TL-5 Vehicle: (a) TST Fixed Barrier at 15°; (b)
TST Free Barrier at 15°; (¢) TST Fixed Barrier at 25°; (d) TST Free Barrier at 25°
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Figure 5.7 (continued): Dynamic Impact Force from a TL-5 Vehicle: (a) TST Fixed Barrier
at 15°; (b) TST Free Barrier at 15°; (c) TST Fixed Barrier at 25°; (d) TST Free Barrier at 25°
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For the 25° angle of attack, the effect of the boundary conditions was more influential, and
the free base barriers produced higher contact forces, potentially due to decreased energy
absorption capacity of the free barrier, which resulted in higher forces transferred to the pier. The

PIF for each simulation is reported in Table 5.3.

Table 5.3: Simulation Matrix PIF

Vehicle type SUT TST

Barrier boundary Fixed Free Fixed Free
Barrier segment length (ft) 100

Angle of vehicle attack 15° 25° 15° 25° 15° 25° 15° 25°
Critical pier location 14 10 14 10 12 12 14 14
PIF (kips) 1272 1404 1214 1435 626 1294 675 1621

5.2.3 Dynamic Impact Force versus Equivalent Static Force

Accurate estimation of the applied loads is essential for analyzing and designing structural
elements, especially for dynamic loads that have high fluctuation of load values during loading.
Existing research and guidelines suggest an ESF to simplify the analysis and design process. The
method of reflecting the dynamic effect via the estimated ESF depends on the type of dynamic
load. For example, highway sign structures subjected to wind loading are analyzed and designed
by applying an estimated static pressure equivalent to the wind load. However, the dynamic nature
of the wind is reflected by amplifying the applied static pressure using a dynamic amplification
factor (DAF) that is a function of the dynamic properties of the structure (Al Shboul et al., 2021).
The same concept applies when applying seismic loads that are dynamic in nature using the
equivalent static method or the response spectrum (Salahat & Martinez-Vazquez, 2015).

Sharma et al. (2012) showed that dynamic shear force applied to piers from VCF is greater
than the static forces and varies depending on the impact scenario. Previous studies have evaluated
the VCF on structural elements to quantify a conservative ESF for analysis and design and to

determine the impact capacity of the structural member subjected to collision. For example, Roy
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et al. (2021) conducted a state-of-the-art review of studies on the damage induced on bridge piers
due to VCF, and several models for obtaining the ESF from VCF were summarized. The current
study focused on three models to analyze and compare and eventually adopt one model to use in

this study.

5.2.3.1 Model 1: Modified Global ESF

Model 1 is a modified version of the model presented by Zhou et al. (2017). The original
model to determine the global equivalent static force (GESF) is given in Equation 5.5.

orsp = 0 PO

Equation 5.5
Where p(i) is the force at instant i and t is the impact duration.

The modification to this model was the elimination of instances when contact between the
vehicle and the pier were lost (i.e., points of zero contact force), consequently producing a new
time history that included the effective impact time. The contact forces were then averaged over
the continuous period of contact. Figure 5.8 shows an original and modified contact force graph,

where the ESF is the integration of the filled area divided by the effective impact time.
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Figure 5.8: ESF Averaged over the Effective Impact Time Based on Model 1

5.2.3.2 Model 2: Local ESF

Zhou and Li (2018) initially presented Model 2 (Equation 5.6), which is based on the
average DIF in the local zone of the PIF over a 50-ms time window centered at the PIF point to
obtain the local equivalent static force (LESF), as shown in Figure 5.9.

[ p()di

LESF =
50

Equation 5.6
Where p(i) is the force at instant i and tp is the time corresponding to the PIF.

The ESF is the integration of the filled area divided by 50-ms.
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Figure 5.9: ESF Averaged over 50-ms Window Based on Model 2

Although this model reduces the effect of non-critical impact instances, the 50-ms time
window allows non-critical instances that significantly reduce the ESF (Figure 5.9). Therefore,
Abdelkarim and ElGawady (2017) suggested a model that considered the peak of a 25-ms moving

average, which this study adopted but changed the averaging window to 50 ms.

5.2.3.3 Model 3: Peak of Fifty Millisecond Moving Average

Model 3, Peak of Fifty Millisecond Moving Average (PFMSA), captures the PIF
throughout the impact time history. As shown in Figure 5.9 the model attributes less influence to
DIF over very short durations (0.18—0.2 s) and higher influence to the contacts acting over longer
durations (0.3—0.35 s). Figure 5.10 compares contact forces of the original time history obtained
from simulations and Model 3, where the ESF is the PFMSA. Results of the three models are
summarized in Table 5.4. As shown in the table, Model 1 significantly reduced the PIF in almost
all the simulations, while the results of Models 2 and 3 yielded close values in the ESF. Therefore,

the ESF obtained from Model 3 was used in Phase 2 of this study.
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Since the boundary conditions did not significantly influence the PIF, a uniform ESF was
selected to govern both boundaries. The selected ESFs for the SUT attacking at 15° and 25° were
450 and 472 kips, respectively. For the TST, the selected ESFs were 169 and 753 kips for 15° and
25°, respectively. Because AASHTO specifications require the VCF to act in a direction of 0—15°,
a comparison of the proposed values for this angle of attack to the current standard of 600 kips

yielded a reduction of 25% and 72% for the SUT and TST, respectively.
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Figure 5.10: ESF as Peak of 50-ms Moving Average Based on Model 3
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Table 5.4: ESF for the Three Models

Vehicle type SUT TST

Barrier boundary Fixed Free Fixed Free
Barrier segment length (ft) 100

Angle of vehicle attack 15° 25° 15° 25° 15° 25° 15° 25°
PIF (kips) 1272 1404 1214 1435 626 1294 675 1621
ESF1 (kips) 1774 1722 1783 203 458 261 493 3337
ESF2 (kips) 328.1 428.3 377 4135 1528 500 161.3 539
ESF3 (kips) 407.8 4545 450 4631 173 677.2 1746 758
ESF1/PIF 0.14 012 0.15 014 0.07 0.20 0.07 0.21
ESF2/PIF 026 031 031 030 024 039 024 033
ESF3/PIF 0.32 033 037 033 028 052 026 047

5.3 Phase 2: Application of the Modified VCF

Phase 2 of this study focused on the location of the first impact point between the colliding
vehicle and the pier using dynamic analysis. Based on this location, the ESF proposed in the
previous section was applied, and internal forces in the pier were compared to the pier capacity.
Figures 5.11(a) and (b) show two simulations of the SUT corresponding to 15° and 25° angles of
attack, respectively. As shown, the location of the first impact point was approximately 4 ft from
the ground. For the TST simulations, this location reached up to 13.5 ft from the ground, as shown
in Figures 5.11(c) and (d) for 15° and 25°, respectively. Table 5.5 shows the end moments and

shears for the ESF at the locations in Figure 5.11 for the corresponding simulations.
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(c) (d)
Figure 5.11: Locations of ESF Application: (a) SUT at 15°; (b) SUT at 25°; (c) TST at 15°;
(d) TST at 25°

Table 5.5: Critical Internal Forces for the Proposed ESF
Moment (kip.ft)  Shear (kips)

Mab Mba Vab Vba

Vehicle Angle ESF (kips) a (ft)

15° 450 4 1105.7 305 396 54
SUT 25° 463.1 4 1138 314 4075 556

15° 174.6 13.5 1722 4648 314 1432
et 25° 758 13.5 7475 2018.2 136.2 621.8
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Shear and moment diagrams revealed that the critical shear and moment at one of the pier
ends was the critical internal shear and moment in the pier. These values were included in the

capacity interaction diagram shown in Figure 5.12.
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Capacity Interaction Diagram (450 kips axial DL)
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Figure 5.12: Pier Adequacy with Proposed VCF: (a) 15° Angle of Attack, (b) 25° Angle of
Attack
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As shown in Figure 5.12, when the angle of attack was 15°, the pier resisted internal forces
produced by the impact of the TST. However, the SUT vehicle produced high shear values beyond
the capacity of the pier, potentially because the mass concealed in the back of the SUT vehicle
directly impacted the pier, consequently producing high inertial forces. Although the TST vehicle
was used to describe TL-5 crash events, designers should be aware that impacts with lumped
masses in vehicles traveling at high speeds yield high shear demands when the crash event
happens. When the angle of attack was 25°, the pier failed to meet the shear and moment demands
caused by the impact, even with sub-standard barriers, meaning strengthening techniques should
be applied to upgrade the pier capacity against VCF. However, attacks at this angle are unlikely to

occur, as previously discussed.

5.4 Conclusion

This study conducted a comprehensive dynamic finite element parametric study to assess
the effect of sub-standard barriers as intervening structures to reduce VCF on bridge piers. The
main parameters of the study were type of colliding vehicle, angle of attack, boundary conditions
of the intervening sub-standard barrier, and pier location along the barrier length. A specific sub-
standard barrier and pier design were implemented from KDOT drawings for this parametric study.
Results showed that the pier was deficient under the required AASHTO ESF to address the VCF,
but the parametric simulations resulted in a range of DIF time histories. By extracting the PIF from
these time histories and converting them into ESF values, the proposed reduction in VCF was
evaluated. For the angle of attack specified by AASHTO, the TL-5 crash scenario was within the
interaction capacity of the examined pier design; however, the TL-4 crash scenario exceeded the
capacity. Extending the angle of attack to 25° showed that the TL-4 and the TL-5 cases required
bridge pier strengthening. In addition, the center of the impact force for the SUT was within the
range of heights adopted by AASHTO but not within range for the TST where the center of the
impact occurred at a much higher height. Therefore, some of these important findings related to
the ESF reduction and the location of its application should be included in future editions of

AASHTO bridge design specifications to reduce demand on piers with sub-standard barriers.
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Chapter 6: Conclusions and Recommendations

The aim of this research was to assess the performance of sub-standard RC barriers as
protection for bridge piers against VCF and quantify their reduction of the ESF that piers must
resist. Several objectives were established for this research. The first objective was to explore
current methodologies to obtain the lateral capacity of RC barriers and propose accurate methods
to predict the actual transverse capacity of RC barriers. Subsequent investigation showed that the
current AASHTO procedure of YLA significantly underestimates the transverse capacity of RC
barriers. This study also developed a detailed YLA procedure and a truss technique as alternative
methodologies for estimating the transverse capacity of RC barriers. A case study of a sub-standard
barrier was analyzed using these methods and verified against FEA using Abaqus. Results showed
agreement between the FEA and the proposed methods, and the AASHTO YLA was shown to
underestimate the capacity of the sub-standard barrier by approximately 50%.

The second objective of this study was to assess the performance of sub-standard barriers
as bridge pier protection to comprehensively understand barrier behavior during high TL crash
events (TL-4 and TL-5). An extensive and detailed simulation matrix was conducted for various
Qol, including kinetic energy, velocity of the impacting vehicle, lateral displacement, and contact
force demand on the sub-standard barrier. Results confirmed that the sub-standard barrier was
disqualified because the vehicle rolled over. However, in both TLs, the sub-standard barrier
redirected the impacting vehicle without penetration. The results also showed that the base
boundary condition of the barrier significantly influences important performance parameters such
as the contact force and the lateral displacement. For example, compared to the free-base boundary
condition, the fixed-base boundary condition more efficiently reduces lateral displacement and
increases the contact force demand on the barrier, but it is less economically efficient.

The third objective of this research was to assess the effect of sub-standard barriers for
reducing VCF on bridge piers. A bridge pier that inadequately addressed VCF under the required
AASHTO ESF was applied to a simulation matrix to obtain a range of DIF time histories. After

obtaining the ESF from these time histories, the proposed reduction in VCF was at least 25%.
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The following recommendations are based on the results of this research:
1. A distinction in the structural adequacy criterion must be made between
the barrier’s load resistance and its geometrical adequacy for vehicle
redirection because sub-standard barriers can structurally withstand
impact loads of high TLs. However, failure of the sub-standard barrier
to satisfy the structural adequacy criterion is due to the barrier’s
geometrical inability to redirect the impacting vehicle.
2. AASHTO specifications accept sub-standard barriers as protection
because they reduce the required ESF of bridge piers to withstand VCF.
3. Consideration should be given to the location of the ESF application
point. Dynamic simulations showed that, with sub-standard barriers, the
PIF location was within the range of heights adopted by AASHTO for
the SUT. However, for the TST, the centroid location of the impact
occurred at a much higher height due to impact with the trailer.
The presented research in each chapter is supported by a published article by the author,
and the reader is encouraged to refer to these references for any additional information (Salahat et

al. 2023, 2024, 2025).
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Appendix

Table A.1: Sectional Capacity from AASHTO YLA Procedure

Mz Mx (for 1ft segment width)
Property Section 1 Section 2 Section1  Section2  Section 3
(Z21= 0-22in) (Z21= 22-32in) (21=0in) (Z2=22  (Z3=32in)
b (in) 22 10 12 12 12
h(in)  (7.5+9.75)/2=8.625 (14.75+9.75)/2=12.25 7.5 9.75 14.75
c (in) 4.3125 6.125 3.75 4.875 7.375
Ig (in%) 1176.3 1531.8 421.875 926.86 3209
118.64 kip.in 129.38 kip.in 53.4kipin 902kipin 2004
Kip.in
Moment Weighted avg. =
_ L . (0.5(53.4+90.2)22+0.5
Sum =248 kip.in = 20.67 kip.ft (90.2+206.4)10)/32 = 95.7 kip.in = 8
kip.ft
Table A.2: Back-Side Sectional Capacity around the Vertical Axis
Back Side
Step | Section 1 (Z1=0-22in.) | Section 2 (Z,=22-32in.)
1 As  044+02+02 .
s 3 = 0.02625 in“/in
2 oo C 362x044+236x02+236x02 _
vg.Lover = = mn.

0.84

3 dg=75-3=45in.
d,s = 4.5+ Slopel X Z;

=45+ 0.1025 Z,

do =75+ Slopel xZ; — 3
d,, = 6.755 + Slope2 x Z,

= 6.755 + 0.5 Z,

4 MleAsfy (d—%)

A f, 0.84 x 60
0=

- = = 0463
085fc'h 085 x4 x 32 m

0.463
My, = 0.02625 X 60 X (4.5 +0.10252, — T)

Mz, = A fy (d _%)

A f, 0.84 x 60
0=

- = = 0.463
085fc'h 085 x4 x 32 mm

0.463
My, = 0.02625 X 60 X (6.755 +0.52Z, — T)

5 My, = 6.723 + 0.1615 X Z, kips.in/in

My, = 10.2745 + 0.7875 X Z, kips. in/in

My, = 18.14 — 0.7875 (32 — Z,) kips. in/in
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Table A.3: Front-Side Sectional Capacity around the Vertical Axis

Front Side

Step | Section 1 (Z1=0-22in.) | Section 2 (Z,= 22 —-32in.)

As  044+02+02+02+02 -
— = =0.03875 in?/in

h 32
421x044+3%x02+3%x02+48x0.2+1.77x%0.2
Avg.Cover = =3.52mm
1.24
dy =75 —3.52 =398 in. do = 7.5 + Slopel x Z; — 3.52
d,, = 3.98 + Slopel X Z; d,, = 6.235 + Slope2 x Z,
=3.98+0.1025Z7; =6.2354+0.5 2,
a a
MleAsfy (d_z) MZZZAsfy (d_z)
A f, 1.24 X 60 A f, 1.24 X 60
= = = 0.684 in. = = = 0.684 in.
@ =085 fc'h 085 x 4 x 32 m @ =085 fc'h 085 x 4 x 32 m
0.684 0.684
My, = 0.0387 x 60 X (3.98 +0.102527, — T) My, = 0.03875 x 60 x (6.235 +052, ———
My, = 8.447 + 0.2383 X Z, kips. in/in My, = 13.7 + 1.1625 X Z, kN.mm/mm

My, = 25.325 — 1.1625 (32 — Z,) kips. in/in

The equations below are the general equations adopted in step 5 of Table A.3.

in
6.723 4+ 0.1615 z kips.— ) 0<z<22
— mn
M, pack (z) = in
18.14 - 0.7875 (32 — 2) kips.a, 22<z<32
in
8.447 + 0.2383 z kips.— ) 0<z<22
— n
Mz_front(z) = in
25.325-1.1625 (32 — Z)kips.a , 22<z<32
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Table A.4: Back-Side Sectional Capacity around the Longitudinal Axis

Step Back Side
1 Section 1 (Z1=01in) Section 2 (Z,= 22 in) Section 3 (Zz= 32 in)
2 AS_O_O,Z, AS—0'62—00516'2' AS—0'31—0026'2'
=12 - in“/in y =1 = O in“/in =1 = O in“/in
3 Mo = fI1 d =75+ Slopel X Z, — cover — 0.5 X @stiprup d =14.75 — cover — 0.5 X @stirrup
Z1 h’/z 12
d =754+0.1025x22—-15-03125=794in. | d =14.75—-1.5-0.3125=129375in
fr =7.5v4000 = 474.3 psi = 0.474 ksi
a a
MZZZAsfy (d_z) MZ3=Asfy (d_z)
bh® 12x7.53 .
|=—=———=4219in*
12 12 As £y 0.62 x 60 ) As £y 031 x 60 )
@ =085 fch 085 xaxiz 0ot @ =085 fob 085 xax1z O4v6in
0474 x 4219 .. p ' ' ' '
1= —so5—=4 ips.in/in
7.5 % 12/2 0.91 0.456
My, = 0.0516 X 60 X (7.94 - T) Mys = 0.026 X 60 X (12.9375 - T)
= 23.18 kips.in/in = 19.83 kips.in/in
4 slope;, = 0.8517
slope,; = —0.3353
5 . in . in
Mz, + slope,, Z kLps.m , 0<z<22 4443 +0.8517Z klps.a , 0<z<22
My pack () = in = My pack (z) = in
My3 — slopeys(height — Z) kips.a, 22<z<32 19.83 + 0.3353(32 - 2) kips.a, 22<z<32
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Table A.5: Front-Side Sectional Capacity around the Longitudinal Axis

Step Front Side
1 Section 1 (Z1=01n.) Section 2 (Z,= 22 in.) Section 3 (Z3= 32 in.)
2 As_o_o_z_ As_0.62_00516,2, As_0.31_0026,2,
Y =12 = in“/in =17 = O in“/in =17 = O in“/in
d =7.5+ Slopel X Z, — cover — 0.5 X Qgyirrup d =14.75 — cover — 0.5 X Bgyirrup
AR
Z1 — %E d =754+0.1025 x 22 —-2.12-0.3125 d =14.75 -3 —0.3125 = 11.4375 in.
=7.32in.
a
fr = 7.5V4000 = 474.3 psi = 0.474 ksi . Mz = A, fy (d— 5)
3 MZZ=Asfy (d_i)
bh3® 12x7.53
[=—="2""" — 4219 in* gDk _031x60 _ oo
12 12 _Asf, 062X 60 0911 0.85 fc'b ~ 0.85 x 4 x 12
4= 085fch 085 x4x1z T
0.474 x 421.9 o 0456
n= TTEx12, 4443 kips.in/in 091 Mys = 0.026 X 60 X (11.4375 - T)
2 My, = 0.0516 X 60 X (7.32 - —)
2 = 17.487 kips.in/in
= 21.25 kips.in/in
4 slopey, = 0.764
| slope,s = —0.3763
. in . in
5 Mz, + slope,, Z kLps.a , 0<z<?22 4.443 + 0.764 Z kLps.a , 0<z<22
Mx_front(z) = in - Mx_front(z) = in
M3 — slope,s(height — Z) kips.a, 22<z<32 17.487 + 0.3763 (32 — Z) kips.a, 22<z<32

The equations below are the general equations adopted in step 5 of Table A.5.

in
14.443 + 0.8517 z kips.— , 0<z<22
— in
Mx?back (Z) - in
19.83 +0.3353(32 — ) kips.—, 22 <z<32
in
4.443 + 0.764 z kips.— s 0<z<22
— n
Mx_front(z) - in
17.487 +0.3763 (32 — 2) kips.._,  22<z <32

105




-TRAN

KANSAS TRANSPORTATION RESEARCH
AND
NEW-DEVELOPMENT PROGRAM




	PREFACE
	NOTICE
	DISCLAIMER

	Abstract
	Acknowledgments
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Chapter 1: Introduction
	1.1 Background
	1.2 Aim and Objectives
	1.3 Scope

	Chapter 2: Literature Review
	2.1 Estimated Transverse Static Capacity of RC Barriers
	2.2 Performance of RC Barriers During Vehicular Collision Events
	2.3 VCF Estimation of Bridge Piers

	Chapter 3: Rigorous Analysis to Evaluate the Transverse Static Capacity of RC Barriers
	3.1 AASHTO YLA Procedure
	3.2 Rigorous YLA of RC Barriers
	3.2.1 Sectional Capacity
	3.2.2 Formation of Yield Lines
	3.2.3 Internal Work Along Yield Lines
	3.2.4 External Work by Applied Loads

	3.3 Truss Analogy
	3.3.1 Modeling Concept
	3.3.2 Equivalent Failure Mechanism

	3.4 Case Study
	3.4.1 AASHTO YLA Procedure
	3.4.2 Rigorous YLA
	3.4.3 Truss Analogy
	3.4.4 Finite Element Analysis by Abaqus

	3.5 Conclusion and Recommendations

	Chapter 4: Assessment of Sub-Standard Concrete Barriers
	4.1 Finite Element Modeling
	4.1.1 Single-Unit Truck
	4.1.2 Tractor Semi-Trailer
	4.1.3 Sub-Standard Jersey-Shaped Barrier

	4.2 Model Validation and Solution Verification
	4.2.1 Experimental-Numerical Validation
	4.2.2 Solution Verification

	4.3 Analysis Results and Discussion
	4.3.1 Energy Dissipation
	4.3.2 Velocity and Acceleration Reduction
	4.3.3 Lateral Displacement
	4.3.4 Contact Force
	4.3.5 Structural Adequacy

	4.4 Case Study
	4.5 Conclusions and Recommendations

	Chapter 5: Estimation of Vehicular Collision Force on Bridge Piers with Sub-Standard Barriers
	5.1 Simulation Matrix and Study Phases
	5.2 Phase 1: Modeling and Results
	5.2.1 Under-Designed Pier
	5.2.1.1 Geometry and Materials
	5.2.1.2 Boundary Conditions
	5.2.1.3 Standard Requirements

	5.2.2 Simulation Results
	5.2.3 Dynamic Impact Force versus Equivalent Static Force
	5.2.3.1 Model 1: Modified Global ESF
	5.2.3.2 Model 2: Local ESF
	5.2.3.3 Model 3: Peak of Fifty Millisecond Moving Average


	5.3 Phase 2: Application of the Modified VCF
	5.4 Conclusion

	Chapter 6: Conclusions and Recommendations
	References
	Appendix




Accessibility Report





		Filename: 

		Computationally Informed Methodologies for Capturing_2026_REM.pdf









		Report created by: 

		



		Organization: 

		







[Enter personal and organization information through the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 2



		Passed manually: 0



		Failed manually: 0



		Skipped: 0



		Passed: 26



		Failed: 4







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Needs manual check		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Failed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Passed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Failed		Tables should have headers



		Regularity		Failed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Failed		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



