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FOREWORD

This report presents a performance-based approach for designing a bridge pier subject to impact
by a tractor-semi-trailer weighing up to 80,000 Ibs, based on an extensive experimental and
computational investigation. This work is important because bridge failure data compiled by the
New York State Department of Transportation, indicate that collision, caused by vessels and
vehicles, is the second leading cause of bridge failures after hydraulic causes. The current
AASHTO-LRFD (2012) specifications recommend designing a bridge pier vulnerable to
vehicular impacts for an equivalent static force of 600 kips (2,670 kN) applied in a horizontal
plane at a distance of five feet above the ground level. However, the provisions do not account
for the dynamic interaction that occurs between the colliding vehicle and bridge structure. More
importantly, they do not articulate an impact-resistant performance philosophy or strategy, nor
do they recognize the effects of vehicle characteristics on the equivalent static force.

The work reported herein addresses these limitations of the AASHTO-LRFD specifications for
designing bridge piers against impact by heavy vehicles. A performance based approach that
relates demands (in terms of the applied force time histories) and capacity (in terms of
acceptable shear distortion and plastic rotation) is developed for the design of bridge piers
vulnerable to heavy vehicle impact. This report will be of interest to bridge program personnel
from Federal, State and local agencies as well as to parties engaged in bridge-related research,
and the practicing bridge engineering community. The findings and recommendations will also
support future development of the AASHTO Guide Specifications using the proposed approach.

Cheryl Allen Richter, P.E., PhD.
Director, Office of Infrastructure
Research and Development

Notice

This document is disseminated under the sponsorship of the U.S. Department of Transportation in the
interest of information exchange. The U.S. Government assumes no liability for the use of the
information contained in this document.

The U.S. Government does not endorse products or manufacturers. Trademarks or manufacturers’
names appear in this report only because they are considered essential to the objective of the
document.

Quality Assurance Statement

The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards and
policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its information.
FHWA periodically reviews quality issues and adjusts its programs and processes to ensure continuous
quality improvement.

All images included in this report are owned by FHWA unless otherwise noted.




1. Report No. 2. Government Accession No. | 3. Recipient’s Catalog No.
FHWA-HIF-18-062
4. Title and Subtitle 5. Report Date

A Performance-Based Approach for Loading Definition of Heavy| May 2018

\Vehicle Impact Events 6. Performing Organization Code:
7. Author(s) 8. Performing Organization Report No.
Agrawal, A.K., El-Tawil, S., Cao, R., Xu, X., Chen, X. and
Wong, W.
9. Performing Organization Name and Address 10. Work Unit No.

The City College of New York 11. Contract or Grant No.
160 Convent Ave, New York, NY 10031 DTFH61-14-D-00010/0003
12. Sponsoring Agency Name and Address 13. Type of Report and Period
Office of Research, Development, and Technology Final Report, 08/05/2014-08/04/2017
Federal Highway Administration 14. Sponsoring Agency
6300 Georgetown Pike Code
McLean, VA 22101-2296

15. Supplementary Notes

16. Abstract

Based on bridge failure data compiled by the New York State Department of Transportation, collision, both caused by
vessels and vehicles, is the second leading cause of bridge failures after hydraulic. The current AASHTO-LRFD
(2012) specification recommends designing a bridge pier vulnerable to vehicular impacts for an equivalent static force
of 600 kips (2,670 kN) applied in a horizontal plane at a distance of 5.0 feet above the ground level. This report
presents a performance-based approach for designing a bridge pier subject to impact by a tractor-semi-trailer weighing
up to 80,000 1b based on an extensive experimental and computational investigation. The mechanics and modes of
failure of bridge pier bents during vehicular impacts are investigated through two pendulum impact tests on a large
scale physical model of a three-column bent system. The parameters of the computational model are calibrated to these]
two tests and further validated through comparisons to other published small-scale impact tests. Through extensive
numerical simulation of heavy vehicle (tractor-semitrailer) impacts on piers, the impact force time histories are
proposed in the form of analytical triangular pulse functions. The parameters of these functions are derived through
numerical regression based on the simulation results. A performance-based approach that relates demands (in terms of
the applied force time histories) and capacity (in terms of acceptable shear distortion and plastic rotation) is proposed
for the design of bridge piers vulnerable to heavy vehicle impact. Since many collision failures have been observed to
be dominated by shear failure, the proposed performance-based approach uses capacity design concepts from
earthquake engineering to mitigate collapse by minimizing shear distortion of piers impacted by heavy vehicles.

17. Key Words 18. Distribution Statement
Vehicular impacts, truck impacts on bridge piers, No restrictions. This document is available to the
performance-based approach, heavy vehicle public through the National Technical Information
impact event Service, Springfield, VA 22161.
http://www.ntis.gov
19. Security Classif. (of this 20. Security Classif. (of this 21. No. of Pages 22. Price
report) Unclassified page) Unclassified
Form DOT F 1700.7 (8-72) Reproduction of completed page authorized

1


http://www.ntis.gov/

SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
_ AREA _
ir!" square inches 6452 square millimeters m!'nJ
I’I.‘_ square feet 0.093 square meters m_‘
yd® square yard 0.836 square meters m’
ac. acres 0.405 hectares ha
mi square miles 2.59 square kilometers km®
VOLUME
floz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m’
yd cubic yards 0.765 cubic meters m’
MNOTE: volumes greater than 1000 L shall be shown in m’
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t*)
TEMPERAT URE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius “°c
or (F-32)1.8
ILLUMINATION
fc foot-candles 10.76 hux ) b
f foot-Lamberts 3.426 candela/m® cdim®
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons M
Ibffin® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM Sl UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
m!'n2 square millimeters 0.0016 square inches ir1_2
m_J square meters 10.764 square feet f‘t‘_
m’ square meters 1.195 square yards yd*
ha hectares 2.47 acres ac
km® square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces floz
L liters 0.264 gallons gal
m’ cubic meters 35.314 cubic feet ft*
m’ cubic meters 1.307 cubic yards :,rd:'
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ity
Mg (or "t*) megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
c Celsius 1.8C+32 Fahrenheit F
ILLUMINATION
x lux ) 0.0929 foot-candles fo
cd/m® candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
M newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibffin®

* 5l is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
{Revised March 2003)
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CHAPTER 1. INTRODUCTION

BACKGROUND

Highway bridges form critical nodes in the transportation infrastructure network and are exposed
to various types of hazards, e.g., earthquakes, hurricanes, floods, impacts, etc. Based on 2016
National Bridge Inventory Database available at FHWA!, there are a total of 614,387 bridges in
the United States. Quoting from the National Highway Traffic Safety Administration (NHTSA)
Fatal Accident Reporting System, a 1994 National Transportation Safety Board (NTSB) study
noted that “The NHTSA estimates that annually 1,000 trucks and buses (10,000 pounds gross
weight or greater) collide with bridge structures” (Zimmerman 2012). Based on bridge failure
data compiled by New York State Department of Transportation, figure 1 shows causes of bridge
failures in the United States between 1967 and 2006 (Lee et al. 2006). It is observed that
collision, both caused by vessel and vehicles, is the second leading cause of bridge failures after
hydraulic.

All Other
14%
Earthquake
1%
Fire \
3% \
Overload -
12% Hydraulic
57%
Collision
13%

Figure 1. Chart. Causes of failure of bridges.

A significant rise in vehicular collision on bridges has been reported in the United States as well
as in other parts of the world. Harik et al. (1990) analyzed 114 bridge failures in the United
States over a 38-year period (1951-1988). They found that approximately 17 out of 114 failures
(15%) were due to the truck collision. In a similar study, Wardhana and Hadipriono (2003)
analyzed 503 bridge failures over an 11-year period (1989-2000) and reported that 14 (3%)
bridge failures were caused by collisions of trucks or other vehicles. Agrawal and Chen (2011)
carried out a survey of transportation agencies to gauge their concern about the impact of over-
height vehicles on highway bridges. They noted that a majority of highway agencies in the
United States found the impact on bridges by trucks a major concern, as shown in figure 2.

! https://www.thwa.dot.gov/bridge/nbi/ascii.cfm


http://www.fhwa.dot.gov/bridge/nbi/ascii.cfm
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Figure 2. Graph. Survey of vehicle impacts on bridges in United States.

Vehicular impacts on bridge piers can have serious implications in terms of loss of human lives
and on the economy (Joshi and Gupta 2012). For example, figure 3 shows the impact by a
medium weight moving truck on the piers of the Tancahua Street Bridge over IH-37 in Corpus
Christi, Texas, on May 14, 2004. As a result of this impact, one pier of the bridge was

destroyed, although the bridge didn’t collapse. Figure 4 shows the effect of truck impact on piers
of the FM 2110 bridge over IH-30, Texarkana, Texas on August 8, 1994, where two spans of the
bridge collapsed. A number of such accidents have been documented in Buth et al. (2010) and

Xu (2017).

Corpus Christi, Texas on May 14, 2004.



Figure 4. Photo. Truck impact on FM 2110 bridge over IH-30, Texarkana, Texas on August
8, 1994.

To address the threat to the safety of bridges vulnerable to vehicular impacts, bridge design
codes in the United States have provisions that implicitly or explicitly address the impact by
trucks on piers. For example, New York State Department of Transportation has been using a
Collision Vulnerability Manual [NYSDOT (1996)]. This manual presents an approach to
estimate collision vulnerability of bridge piers based on pier type, the presence of protective
barriers, structural redundancy, the volume of truck traffic, posted the speed limit, etc. However,
this guideline is based on qualitative measures and doesn’t take into account failure modes of the
piers undergoing impact.

Older versions of the AASHTO-LRFD specifications, e.g., AASHTO-LRFD (1998), recommend
designing bridge piers to resist an equivalent 400 kips (1,780 kN) static force when bridge piers
are not protected by a crashworthy barrier and are located within a distance of 33 ft (10 m) to the
edge of a roadway. This 400 kips (1,780 kN) static force should be applied 4.4 ft (1.35 m) above
the ground level. In newer versions of the specifications, e.g., AASHTO-LRFD (2012),
abutments and piers located within a distance of 30.0 ft (9.15 m) to the edge of roadway, or
within a distance of 50.0 ft (15.25 m) to the centerline of railway track are required to be
investigated for collision. Based on two full-scale truck impacts on rigid piers by Buth et al.
(2011), AASHTO-LRFD (2012) recommends an equivalent static force of 600 kips (2,670-kN),
instead of the 400 kips (1,780-kN) in earlier versions of the provisions, to be applied at a
distance of 5.0 ft (1.52 m) above the ground level. Because of the concern related to vague
justifications for the AASHTO-LRFD Specifications, Minnesota State DOT, the Bridge Office
of Substructure Protection Policy comments that the vehicle collision article of AASHTO-LRFD
is overly restrictive because it does not include any variation in requirement due to the
probability of vehicle impact.

The understanding of damage modes of a bridge or its components after the collision is crucial
for bridge safety assessment and its effect on the local transportation network. Full scale
verification of impacts on bridges is difficult because of the high costs associated with such tests
and logistical problems associated with conducting full-scale tests on bridge structures. An
effective alternative is to carry out high fidelity numerical simulation using test data obtained
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from small tests. EI-Tawil et al. (2005) simulated two truck models of 3,150-1b (14 KN) and
15,000-1b (66 KN) weight colliding with elastic piers at various approach speeds. Although
finite element models of the vehicle in the study included nonlinear material properties, this
study considered concrete as an elastic material.

Boundary condition restraints provided by the bridge superstructure can influence dynamic
behaviour of bridge piers during impact. Buth et al. (2010) simulated vehicle impact on round
rigid piers of 24 in (610 mm), 36 in (915 mm) and 48 in (1,220 mm) diameters. Buth et al.
(2011) conducted two full-scale crash tests with an 80,000-1b van-type tractor-semitrailer
impacting an instrumented rigid bridge pier at 50 mph, as shown in figure 5. Ballast in the
trailer consisted of bags of sand on pallets distributed throughout the trailer. Analyses of the data
indicate that the equivalent static force reaches 700 kips over a very short time duration.

Figure 5. Photo. Full-scale crash tests with an 80,000-1b van-type tractor-semitrailer
impacting an instrumented rigid bridge pier at 50 mph at Texas Transportation Institute.

Steel and Sorenson (2012) conducted a first-order, second-moment reliability analysis of circular
bridge piers subjected to intentional vehicular impact through Monte Carlo simulation. They
used five different vehicle classes to represent the likely vehicles types to participate in the
impact event to identify reinforcement area, vehicle speed, and vehicle mass as factors
contributing the most to the failure of a bridge pier. Sharma et al. (2012) investigated a
performance-based response evaluation of reinforced concrete columns subject to vehicle
impact, where the dynamic shear capacity of bridge piers was calculated through finite element
simulation of impact of a design vehicle with different speeds. Their work shows that the
dynamic shear capacity depends on the structural properties of piers as well as loading
characteristics (e.g., velocity and inertia) and can be higher than the static capacity calculated
based on codes. Sharma et al. (2014) developed a framework for performance-based analysis and
design of RC columns subject to vehicle impact. Their approach involved a probabilistic model
to accurately estimate the dynamic shear force demand on RC columns subjected to vehicular
impact and estimation of the fragility of the columns.

Chung et al. (2014) investigated vehicular impact on precast prefabricated bridge columns by
developing a five-point piecewise linear approximation function to represent impact loading.
They used this loading function to compare the performance of cast-in-place reinforced concrete
bridge columns and prefabricated bridge columns subjected to vehicular impacts. Recent studies
by Liu (2012), Agrawal et al. (2013), Chen et al. (2016a), Chen et al. (2016b) and Xu (2017)
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considered the impact of single unit trucks with total weight around 15,000 Ib (66 kN) impacting
bridge piers directly. These studies investigated the behaviour of bridge piers during vehicular
impacts, various damage modes during vehicular impacts and performance guideline for design
of bridge piers against vehicular impacts. For example, Liu (2012) investigated the impact of a
single unit truck model in LS-DYNA on piers of a three span bridge with three column pier bent.
The numerical model of the bridge with the truck is shown in figure 6. Based on numerical
simulation of vehicular impact on bridge piers at various speed, he identified six damages
mechanisms present during impact of the single unit truck with piers of a bridge. These damage
mechanisms are illustrated in figure 7 and are: pier eroding, shear at footing, rebar severance,
breakage of pier, spalling of pier and plastic hinge formation. Among these damage
mechanisms, shear at footings, breakage of pier and plastic hinge formation can be considered as
having potential for severe damage that may lead to collapse. Liu (2012) also presented a
preliminary framework for a performance-based design approach; however, this approach didn’t
quantify damage levels.

A1: Pier eroding A4: Breakage of Pier
A2: Shear at footing A5: Spalling of pier
A3: Rebar severance AB: Plastic hinge

Figure 7. Photo. Damage modes present during impact of single unit truck with bridge
piers.

An experimental study on impact to anti-ram bollards by a truck was carried out by Chen et al.
(2015) at Hunan University, China. A Dongfeng EQ140 truck with a net weight of 11,400 1b



(5,170 kg) was selected to hit five 4.27 ft (1,300 mm) high concrete-filled steel tube columns
with an outer diameter of 8.6 in (219 mm). The thickness of steel tube was 0.8 in (20 mm), and 6
ksi (C40) concrete was filled in the steel tube. The initial impact velocity of the truck was
recorded as 43.2 km/h. The collision truck was crashed straight into the middle bollard. As noted
from figure 8, the truck was damaged severely during the impact. Although the static capacity of
the bollard was 79 kips (350 KN), which was one tenth of the average impact force of 822 kips
(3,660 KN), the columns didn’t undergo large deformation with a residual displacement of 1.3 in
(33 mm) (a drift ratio of 2.54%)).

©2014 Dr. Yan Xiao
Figure 8. Photo. Anti-ram bollard impact field test.

Abdelkarim and Elgawady (2016a) and Abdelkarim and Elgawady (2017) investigated the
behavior of reinforced concrete bridge columns subjected to vehicle collision through an
extensive parametric study to derive an equation for equivalent static force (ESF). This study
found that the constant 600 kips (2,670 kN) force prescribed in the AASHTO load and resistance
factor design was not conservative when the vehicle’s velocity exceeded 75 mph and when the
vehicle’s weight exceeded 30 kips (134 kN). Abdelkarim and Elgawady (2016b) investigated
the behavior of hollow-core fiber-reinforced polymer—concrete—steel (HC-FCS) columns, which
are used for accelerated bridge construction, under vehicle collision. The HC-FCS columns
consist of a concrete wall sandwiched between an outer fiber-reinforced polymer (FRP) tube and
an inner steel tube. Research shows that the main resistance of the HC-FCS columns to the
vehicle collision came from the inner steel tube. AuYeung and Alipour (2016) investigated the
structural response of reinforced concrete bridge piers subjected to vehicle collisions using the
single unit truck model offered by the National Crash Analysis Center and the National
Transportation Research Center. This study showed that a multi-pier bent changes the trend of
absorption of kinetic energy, failure modes, and distribution of impact forces, especially for
lower impacting speeds. A multi-pier configuration results in higher impact forces but, due to
higher stiffness, results in low lateral displacements, and higher resistance to shear and moment
forces.



RESEARCH MOTIVATION AND NEEDS

It is noted from the discussion above that a number of research studies have been carried out
during the last few years on vehicular collision with bridge piers. However, with the exception
of the Buth et al. (2011) study, all of these studies focused on vehicle impact involving single
unit trucks. On the other hand, as observed from case studies on truck impacts on bridge piers in
Buth et al. (2010), the majority of cases involving truck impact on bridge piers are the heavy
vehicles represented by tractor-semitrailers with 80,000 1b (356 kN) or higher weight. The most
notable research using these heavy vehicles was carried out by Buth et al. (2011), where they
performed two full-scale crash tests of 36 metric ton tractor-semitrailers crashing into rigid
piers. Based on the findings from these two tests, AASHTO-LRFD (2012) increased the
recommended equivalent static force from 400 kips (1,780 kN) to 600 kips (2,670 kN).
However, the current provisions still do not account for the dynamic interaction that occurs
between the colliding vehicle and bridge structure. More importantly, they do not articulate an
impact-resistant performance philosophy or strategy nor do they recognize the effects of vehicle
characteristics on the equivalent static force. For these reasons, further investigation needs to be
carried out to address the current limitations of the AASHTO-LRFD specifications for designing
bridge piers against impact by heavy vehicles.

RESEARCH OBJECTIVES

The overall objective of this research is to develop comprehensive guidelines for the design of
bridge piers subjected to collision by heavy vehicles. Specific objectives include:

e Identification of parameters for the concrete material model in LS-DYNA to represent
behavior of concrete in bridge piers during vehicular impact events.

e Thoroughly validating the computational model using existing test data.

e Simulation and impact testing of a large-scale reinforced concrete bent using a pendulum.

e Development of a comprehensive loading model based on an extensive parametric study
to represent the effects of truck impact on bridge piers.

e Development of performance-based guidelines for the design of bridge piers impacted by
heavy trucks.

¢ (Quantification of performance levels in terms of plastic rotation and shear distortion.

Detailed work performed towards achieving these objectives is described in different chapters of
this report as follows:

Chapter 2 describes the calibration of the material model for representing impact behavior.

Chapter 3 describes in detail the planning and results of the large scale testing, including
comparison between test results and finite element model.

Chapter 4 presents the development of a proposed pulse loading model to represent tractor-
semitrailer impact demands on a bridge pier.



Chapter 5 presents the proposed performance-based guidelines, including the quantification of
performance levels.

Chapter 6 presents conclusions and recommendations for future work.



CHAPTER 2. MATERIAL MODEL

LS-DYNA (Hallquist 2006) is a popular general-purpose, multi-physics simulation software
package that has been widely used for impact simulations. LS-DYNA provides several concrete
constitutive models for analyzing the behavior of reinforced concrete structures under various
types of loads. A successful concrete constitutive model should be capable of reproducing the
most basic behaviors of concrete (Wu et al. 2012). In particular, it should be capable to modeling
crushing behavior, confinement effects, cracking response and the effect of loading rate on all of
these responses.

This chapter starts with a description of a number of key material models for representing the
behavior of concrete and steel. The survey identifies Mat 159 (Continuous Surface Cap Model,
referred to hereafter as CSCM) as one that is feasible for simulating the behavior of concrete
structures subjected to dynamic loading. While default material parameters provided in LS-
DYNA are commonly used, they do not necessarily produce the best results. Therefore,
calibration of user input parameters for this material model is carried out through the simulation
of a recent drop hammer test carried out by Fujikake et al. (2009).

CONCRETE AND STEEL MATERIAL MODELS IN LS-DYNA

Concrete material models available in LS-DYNA and their characteristics are summarized in
table 1. Based on a literature review and the information in table 1, it is clear that material
models Mat 72 (Concrete_Damage) and Mat 159 (Continuous Surface Cap Model) can predict
concrete mechanical behavior under impact loading relatively well. Both of these models have
the capability to generate default parameters requiring only basic material properties like
unconfined compression strength, Poisson’s ratio and aggregate size making them attractive
alternatives for modeling concrete behavior. Although a detailed description of these two
material models is provided in LS-DYNA help manuals, a brief description of these models is
provided for the sake of reference.

Table 1. Concrete and steel material models in LS-DYNA.

Mat ID Mat Name Characteristics and Implementation
Mat 17 Isotropic Elastic-Plastic With | Does not consider the pressure hardening effect, strain rate effects,
Oriented Cracks and damage softening effect. Potential applications include brittle

materials such as ceramics as well as porous materials such as
concrete in cases where pressure hardening effects are not significant.

Mat 72 | MAT _CONCRETE DAMAGE | Widely used for simulating blast and impact in concrete structures.

Mat 96 Brittle Damage Model Mainly used to simulate cracks due to tensile stress.
Mat 111 Johnson-Holmquist Concrete Used for concrete subjected to large strains, high strain rates, and high
Model pressure.

Mat 159 | Continuous Surface Cap Model | Developed to simulate the deformation and failure of concrete in
roadside safety structures impacted by vehicles

Mat 3 Plastic Kinematic This model is widely used to simulate isotropic and kinematic
hardening plasticity considering rate effect.




Material Model 72R3: MAT_CONCRETE_DAMAGE

This model was first developed for DYNA3D to analyze buried steel reinforced concrete
structures subjected to impulsive loadings. It became the material model 72R3 in LS-DYNA
after a series of improvements. This material model, also known as Karagozian & Case
Concrete (KCC) Model-Release I1I (Magallanes et al. 2010) uses three shear failure surfaces and
includes damage and strain-rate effects. This material model is based on the Pseudo-Tensor
model (Material Type 16). The KCC model has three independent strength surfaces: yield
strength surface, maximum strength surface and residual strength surface. These surfaces are
formulated in a generalized form as,

Fi(p) = ag +

where i stands for y (yield strength surface), m (maximum strength surface) and r (residual
strength surface), and p = —I; /3 is the pressure. Parameters a;; (j=0, 1, 2) in the equation (1)
above are calibrated from test data.

apjt+azp (1)

For hardening, the plasticity surface used in the model is interpolated between the yield and
maximum surfaces based on the value of damage parameter, A. For softening, a similar
interpolation is performed between the maximum and residual surfaces. After reaching the
initial yield surface, but before the maximum failure surface, the current surface is obtained as a
linear interpolation between yield and maximum failure surfaces,

Ao =n(Ac, —Ac,)+Ac, ()

where 1 varies from 0 to 1, depending on the accumulated effective plastic strain parameter A. In
other words, n(2) is a function of the internal damage parameter A, with n(0) = 0, n(4,,) = 1,
N1 = 4,,) = 0. This implies that the failure surface starts at the yield strength surface, and it
reaches the maximum strength surface as A increases to 4,,, and then it drops to the residual
surface as A further increases up to A,,,,. Here, 4,,, 4,4, and n(A) relationships are calibrated
from experimental data.

Similar to the interpolation of the plasticity surface above, the current failure surface is
interpolated between the maximum and the residual surfaces after reaching the maximum
surface,

Ao =n(Ac,—Aoc,.)+Ao, 3)
Parameters aj; (j=0, 1, 2; 1 =y, m, r) can be generated by the default parameter generation
function based on the unconfined compressive strength of the concrete. Detailed information
regarding these parameters can be found in Magallanes et al. (2010).

Material Model 159: Continuous Surface Cap Model

Material Model 159 is an elasto-plastic damage model for concrete with rate effects. This model
was developed for roadside safety applications, such as concrete bridge rails and portable
barriers impacted by vehicles (Murray 2007). In this model, a smooth and continuous
intersection is formulated between failure surface and hardening cap. Figure 9 shows the general
shape of the yield surface in the meridonal plane. Softening and modulus reduction in this model
are simulated on the basis of isotropic constitutive equations, yield and hardening surfaces, and
damage formulations. A rate effect formulation increases strength with strain rate.
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Figure 9. Graph. General shapes of the concrete model shear failure and cap hardening
surfaces.

Concrete shows softening in both tensile and low to moderate compressive regimes. In this
model, softening is modeled via a damage formulation. This formulation models both strain
softening, which is decrease in strength during progressive straining after the peak strength has
been reached, and modulus reduction, as shown in figure 10. In this figure, (1-d) factor, where d
is a scalar damage parameter ranging between 0 for no damage to 1 for complete damage, is a
reduction factor that reduces both bulk and shear moduli isotopically. Damage initiates and
accumulates when strain-based energy terms exceed the damage threshold. Damage
accumulation via the parameter d is based on two distinct formulations of brittle and ductile
damage.
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Figure 10. Graph. Illustration of strain softening and modulus reduction.
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Mat 3: Kinematic Plasticity Model for Steel Rebars

Steel bars are modeled using Hughes-Liu beam elements and are represented using Model 3,
which accounts for yielding and kinematic hardening plasticity. Figure 11 shows the elastic-
plastic behavior of Model 3 with kinematic and isotropic hardening. In the plot, E; is the slope of
the bilinear stress strain curve. Perfect bond is enforced between steel and concrete components,
implying that the effect of bond-slip behavior is assumed to be negligible.

Yield
Stress

Strain
Figure 11. Graph. Elastic-plastic behavior with kinematic and isotropic hardening.

SELECTION OF CONCRETE MATERIAL MODEL

As noted from the discussion above, both Mat 72 and Mat 159 in LS-DYNA could be used for
simulation of vehicular impacts on bridge piers. In order to further investigate the suitability of
one of these two models, numerical simulations for a single element of concrete are carried out.
The single element used here is a 1 inch (25.4 mm) solid element with the bottom four nodes
restrained against vertical motion, and prescribed vertical motion applied on the top 4 nodes (see
figure 12). The compressive strength of the concrete is 6 ksi (42MPa). Stress is considered

positive in tension and negative in compression.
Load

v L/

Single Element

\\A Restraint

/

Figure 12. Illustration. Boundary condition and load application for single element
simulation.

Figure 13 shows the plot of stress-strain curves for CSCM and 72R3 concrete models under
uniaxial tension and uniaxial compression simulations. It can be observed from figure 13(a) that
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the stresses using CSCM and 72R3 increase linearly to the peak value with the same slope under
uniaxial tension. Maximum tensile strengths for CSCM and 72R3 are approximately 0.4 ksi (3
MPa) and 0.5 ksi (3.5 MPa), respectively. After the tensile stress reaches the maximum value,
the tensile stress using CSCM softens smoothly to zero, while the tensile stress using 72R3
model drops almost linearly to zero.

Figure 13(b) shows plots of stress-strain curves for the uniaxial compression simulations. It is
observed that the compressive stresses in cases of both CSCM and 72R3 increase linearly to the
maximum value of 6 ksi (42 MPa). The slopes of the stress-strain curves for both CSCM and
72R3 are the same. After the compressive stress reaches the maximum value, the compressive
stress in case of the CSCM softens gradually, whereas the compressive stress in case of the 72R3
model drops more sharply. Since the stress-strain relationships plots in figure 13 are for a case
without any confining pressure, the ductility in case of the CSCM is better than that in case of
the 72R3 model.

0.60 - 0.00
0.50 - -1.00
~ | = -2.00
< g':g | £ _3.00
g 0'20 | g -4.00
@ @ -5.00
0.10 -6.00
0.00 w \ -7.00 \ ‘ ‘
0.00E+00 1.00E-03  2.00E-03 0.00E+00 5.00E-03 1.00E-02 1.50E-02
Strain Strain
(a) Uniaxial tension. (b) Uniaxial compression.

Figure 13. Graphs. Stress-Strain curves for CSCM and 72R3.

In tri-axial compression simulations, lateral confining pressure around the element is held
constant while the axial compressive load is quasi-statically increased. As shown in figure 14,
the compressive strengths of both material models will increase with an increase in the confining
pressure. This behavior is in qualitative agreement with typical test data. However, the 72R3
material model is more sensitive to the confining pressure changes than the CSCM. Under 1.16
ksi (8 MPa) confinement, the compressive strength in case of the CSCM is 9.57 ksi (66 MPa),
which is 57% higher than that for the case without any confinement. In case of the 72R3
material model, this increase is approximately 110% higher than that for the case without any
confinement.
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Figure 14. Graphs. Confining effect of concrete models.

The strength of concrete increases with an increase in the strain rate during high speed dynamic
loading. The strain rate is normally between 1/s to 10/s during slow speed impacts. Figure 15
shows a plot of the relationship between tensile strength and the strain rate for the CSCM and
72R3 models. It is observed that the tensile strength for the CSCM increases by 79% when the
strain rate is 10 /sec, whereas this increase is 200% in case of 72R3.
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Figure 15. Graphs. Relationship between tensile strength and strain rate.

Abu-Odeh (2008) compared the results of two bogie impact tests with finite element simulation
results carried out in LS-DYNA. The initial bogie impact speed for the first and second tests are
15 mph and 20 mph, respectively. Damage profiles for the impact tests and LS-DYNA
simulations are shown in figure 16 and figure 17 respectively. The barrier was able to absorb the
energy of impact with minor damage in the first test, although some minor cracking developed as
shown in figure 16(a). The barrier was severely damaged in the second test, as shown in figure
17. The top of the barrier failed around the impact location as shown in figure 17(a). It is clear
from figure 16 and figure 17 that the CSCM<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>