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ABSTRACT
Due to increased frequency and danger of malicious attacks carried out by vehicle borne
improvised explosive devices, there is a need to protect critical structures on domestic and foreign
soil. Anti-ram bollards are an effective and unobtrusive solution to protect buildings and their
occupants from vehicle impacts. This study focuses on the evaluation of above-grade load
sharing members in a steel anti-ram bollard system. The anti-ram system consists of two vertical
hollow structural shape (HSS) members embedded in horizontal foundation HSS members and
reinforced concrete. The vertical HSS bollards were connected above grade using steel load
sharing members that were used to engage the non-impacted bollard to assist with energy
dissipation. In addition to effectively stopping vehicle impacts, the anti-ram bollards should have
the ability to be nested within streetscape architecture features to make the barrier less visually
obtrusive. The goal is to use efficient load sharing to improve the anti-ram system’s ability to
resist vehicle impacts, while remaining an aesthetically unobtrusive perimeter protection solution.
To accomplish this objective, a computational model of the anti-ram system was created
using LS-DYNA, a finite element code that is the industry norm for modeling vehicle-structure
interaction during high speed impact events. The finite element model was calibrated using
experimental data from a full-scale crash test of the impact resisting device. Load sharing
member cross sections and configurations were designed according to limit states specified by
The American Institute of Steel Construction’s Steel Design Manual, and were subjected to
simulated high-speed impacts to determine an optimal load sharing member design and assist
with making anti-ram device design recommendations.
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Chapter 1
Introduction

1.1 Background
Due to increased frequency and danger of malicious attacks on government buildings,
there is an emergent need to protect important structures on domestic and foreign soil. The
primary threat to foreign buildings and infrastructure is a terrorist attack carried out with vehicle
borne improvised explosive devices (VBIED) (Hu et al., 2011). A large component of defending
against casualties and property damage from such an attack is maintaining an adequate standoff
distance between the structure and explosive device using effective perimeter protection. A
variety of structural systems, collectively called anti-rams, have been designed to accomplish the
goal of keeping dangerous vehicles away from priority facilities.
Many government agencies have focused on preventing vehicular attacks to critical
buildings in light of past terrorist attacks, which have caused significant damage to human lives
and property. On April 19, 1995, a truck full of explosives was detonated near the Murrah Federal
Building in Oklahoma City, killing 168 and injuring over 680 people. It was the most devastating
terrorist attack on United States soil until 9/11 (Oklahoma OEM, 1995). On October 25, 2009,
two car bombs attacked the Ministry of Justice and the Baghdad Provincial Council building in
Iraq, killing 160 and injuring over 500 people (New York Times, 2009). On August 26, 2011, a
car bomb crashed through perimeter gates and detonated inside the Nigerian capital Abuja’s
United Nations, killing 23 and wounding over 60 (BBC, 2011).
Many anti-ram systems exist, including: fences, cable systems, gates, and bollards. Antiram bollards consist of upright steel members, typically steel tubes, embedded in a concrete
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foundation and spaced so that no vehicle can fit between bollards. Examples of typical anti-ram
bollards are shown Figure 1-1. While effective anti-rams have been designed in all shapes and
sizes, many are imposing and aesthetically displeasing. Anti-ram bollards, in addition to being
efficient impact absorbers, are a preference of building owners and architects because they can be
easily blended into architectural features and are less visually imposing than other anti-ram
systems (Hu et al., 2011). Therefore, there is a need for anti-ram system designs that are effective
at stopping high-speed impacts, while being easily camouflaged into surrounding streetscapes.

Figure 1-1: Examples of anti-ram bollards

Due to perceived uncertainty associated with establishing realistic design loads for antiram system vehicle impacts, anti-ram designs have traditionally been evaluated for effective
performance using full scale impact tests. In 2007, the American Society for Testing and
Materials (ASTM) established F2656-07: Standard Test Method for Vehicle Crash Testing of
Perimeter Barriers (ASTM, 2007). This standard was established to broaden test parameters to
accommodate a variety of test vehicles and anticipated impact scenarios from the original
standards established by the U.S. Department of State (Albertson, 2004). ASTM F2656-07 defines
acceptable parameters for test vehicles, ballast attachments, impact velocities and penetration
distances that can be used to determine the effectiveness of anti-ram barriers. This study evaluates
anti-ram barriers according to ASTM F2656-07.
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In addition to having designated site requirements, crash tests cause destruction of the test
vehicle and bollard system, making full scale impact tests very expensive. Therefore, it is desired
to supplement experimental crash tests with computational simulations of vehicle-barrier impacts.
Simulated crash tests have been accepted in certain instances. Many projects have shown that
finite element models, especially those validated with crash test data, can predict the outcome of
extreme impact events well enough to draw significant conclusions from simulations (Chunlin et
al., 2008; Omar et al., 2007). However, finite element analysis is still not commonly used in place
of actual testing due to the complexity and uncertainty associated with high speed collisions. This
study utilized the fully non-linear, computational finite element LS-DYNA software to develop
and validate bollard designs under high velocity, vehicular impacts.

1.2 Problem Statement
The extensive use of vehicle borne improvised explosive devices (VBIEDs) by terrorists
around the world has made perimeter protection of important structures on domestic and foreign
soil a primary concern for government agencies and building owners. Anti-ram bollards are an
effective and unobtrusive solution to protect buildings and their occupants from malicious vehicle
attacks. While many anti-ram system designs exist, many are costly, aesthetically imposing, and
inefficient. Additionally, studies to date have mainly evaluated single bollard anti-ram designs,
with no published research available on above-grade load sharing between bollards. Therefore,
there is a need to evaluate the effectiveness of bollard-frame systems that utilize above-grade load
sharing under high-velocity impacts.
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1.3 Objectives
The primary objective of this study is to optimize the design of steel load sharing
members in an anti-ram bollard system to make it both effective at resisting vehicular impact and
aesthetically unobtrusive. A secondary objective is to develop a validated finite element model
that can be used in place of actual crash testing to assist with making anti-ram device design
recommendations.

1.4 Scope
This investigation optimized the design of load sharing members in an anti-ram frame
structure under vehicular impact. The anti-ram frame structure consists of two vertical bollards,
which are hollow structural steel (HSS) members, embedded in a composite foundation of HSS
members and reinforced concrete. The vertical and foundation HSS members were connected
with load sharing members above and below ground. The design intent of load sharing members
in the two post anti-ram bollard system is to engage the full barrier system to assist with
dissipation of the impact energy. The research was conducted through a combination of
experimental and analytical studies. A previously developed LS-DYNA finite element model was
used to model the anti-ram system being impacted by a vehicle. Model data was compared to
results from full-scale experimental impact testing, which was performed by the Thomas D.
Larson Pennsylvania Transportation Institute (O’Hare, 2012a) in accordance with ASTM F265607 (ASTM, 2007). The LS-DYNA model was calibrated against the experimental data to garner
further agreement between the model and the crash test. Anti-ram system designs were then
tested computationally by subjecting different configurations and sizes of load sharing members
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to simulated impacts from the standard medium duty flatbed truck specified by ASTM F2656-07.
The following list of tasks was followed to accomplish the objectives of this study:

1. Literature Review
A literature review was completed to investigate the current state-of-the-art for antiram bollard designs to determine beneficial anti-ram system design features. In addition,
impact loading and effects of high strain rates on steel members were considered. Next,
current impact modeling techniques were investigated to construct an effective computational
model to examine anti-ram designs.
2. Experimental Crash Testing
Data was provided by crash tests conducted by The Thomas D. Larson Pennsylvania
Transportation Institute (O’Hare, 2012a), in accordance with The American Society for
Testing and Materials F2656-07: Standard Test Method for Vehicle Crash Testing of
Perimeter Barriers (ASTM, 2007). The tested anti-ram system was evaluated for impact
designation M50-P1, meaning that it had to stop a 6,800 kg (15,000 pound) truck at 80 km/h
(50 mph). Experimental crash data was taken in the form of strain data from strain gages
fixed to the steel anti-ram structure.
3. Computational Modeling
The computational finite element LS-DYNA software was used to develop models of
the impact resisting structure. LS-DYNA can account for nonlinear behavior and supports a
large variety of element types and constitutive material models. In addition, the National
Crash Analysis Center (NCAC) provides premade LS-DYNA vehicle models for impact
simulations. This section describes the model’s construction, including material models,
contacts, and boundary conditions. The finite element model was used to simulate the
response of the anti-ram bollard system throughout impact.
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4. Initial Results
In this section, results of the experimental crash test and finite element model are
summarized and compared to assess how well the computational model simulated the impact
event. The results presented are in the form of strain time histories, strain rates, and integrated
strain quantities representing energy dissipated.
5. Model Calibration
To calibrate the finite element model of the vehicle-barrier impact, experimental data
from crash testing was compared to the computational model. Properties of interest in the
calibration of the finite element model include: dynamic penetration of the impact vehicle,
strain time histories, and energy dissipation. These quantities were compared and the model
was modified to more closely simulate the experimental data.
6. Load Sharing Member Evaluation
After a calibrated finite element model of the two post anti-ram system was created,
it served as the baseline from which subsequent above grade load sharing member
configurations were developed and studied. To accurately assess the effectiveness of different
load sharing member designs in an anti-ram system, models utilizing different load sharing
member configurations and cross sections were created.
Because the load sharing members primarily act as tension members to engage more
of the anti-ram system, trial member cross sections were selected from commonly available
steel member shapes. The members were selected based on practical limitations (e.g. cost,
ease of fabrication, permissible member hole geometry), structural design principles, and
failure modes prescribed by The American Institute of Steel Construction’s (AISC) Steel
Design Manual, 14th Edition (AISC, 2011). The trial members were evaluated based on their
effectiveness at limiting dynamic penetration of the impacting vehicle, their ability to
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efficiently engage the non-impacted bollard to dissipate impact energy and, finally, evaluate
their cost to determine the most efficient design.
7. Results and Comparisons
After testing the anti-ram bollard designs by subjecting them to simulated impacts,
the results were compared to determine an optimal design. Effectiveness of the design was
determined by minimizing vehicle penetration and member cost. Additionally, load sharing
efficiency was examined to determine which load sharing member design best transfers
impact energy to a non-impacted bollard. These results were used to make design
recommendations for load sharing members in impact resisting systems.

1.5 Summary
Due to increased frequency and danger of malicious terrorist attacks carried out by
vehicle borne improvised explosive devices, there is a need to protect important structures on
domestic and foreign soil. Anti-ram bollards are an effective and unobtrusive solution to protect
buildings and their occupants from malicious vehicle attacks. This study focuses on the
assessment of the load sharing members in an anti-ram frame system. To accomplish this goal, a
computational finite element model of the anti-ram system was created and calibrated with
experimental data from full-scale crash testing. The anti-ram bollard system with various
configurations of load sharing members was subjected to simulated high-speed impacts to
determine an optimal load sharing design and assist with making anti-ram device design
recommendations.

Chapter 2
Literature Review

2.1 Overview
This literature review summarizes relevant studies that, by establishing the state-of-the art
with respect to vehicular anti-ram research and designs, help to: (1) determine advantageous
design features for load sharing members in steel framed anti-ram systems; and (2) identify
effective methods for computationally modeling vehicular impacts. These objectives were
accomplished by focusing on the following topics in the literature:


Steel Anti-Ram Bollard System Design,



Material Response Under High Strain Rates, and



Computational Modeling Techniques.

The review of anti-ram bollards investigates the current state-of-the-art with respect to research
on steel framed anti-ram barrier systems to identify beneficial design features. Dynamic impact
loading was reviewed to determine how extreme rate effects influence load sharing member
designs with respect to material response. Investigation of computational techniques describes
relevant assumptions, parameters, and material models for simulating vehicular impacts to a
structure.
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2.2 Steel Anti-ram Bollard System Design

2.2.1 Anti-ram Bollard System Design
This section of the literature review focuses on the state-of-the-art with respect to
research that has studied steel anti-ram bollard systems. Anti-ram bollards are typically vertical,
concrete-filled steel tubes embedded in a concrete or composite foundation. Bollards have been
found to be efficient impact absorbers and are readily blended into surrounding architectural
features. With a majority of the structure underground and only vertical tubes above-grade,
bollards can easily be made to fit inside streetscape architecture, such as lampposts, bus stops,
signs, benches, trash cans and pavilions, as shown in Figure 2-1 (Hu et al., 2011). The picture on
the left shows a single-bollard anti-ram system made of penetrating steel tubes. With a sheet
metal sleeve, a lamp post, and a poured concrete foundation, the bollard is made less visually
obtrusive, as shown in the picture on the right.

Figure 2-1: Example of a steel anti-ram bollard nested within a lamppost
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According to the National Capital Planning Commission (NCPC), a major challenge for
city designers is the development of effective perimeter security without impeding open spaces,
dramatic views, and urban design (NCPC, 2002). One way to address this challenge is to harden
street furniture pieces so that they can also double as security elements and this could be
accomplished via incorporation of anti-ram bollards into streetscape element “shells” that make
perimeter security less imposing.
A key factor in the design of impact-resisting barriers is ductility. High performance
protection systems rely on ductile, plastic behavior to absorb high speed impacts (Crawford and
Lan, 2005). Ductility permits local yielding due to high stresses and allows the stress distribution
to change, engaging more material and components to dissipate energy. The best way to design a
barrier that is sufficiently small to be aesthetically unimposing, but strong enough to stop a high
speed impact is to utilize ductility (Crawford and Lan, 2005). This means that as a whole, the
system should be able to deform and interact to absorb the impact through the vertical bollard and
into the foundation. If one component of the system has too much stiffness, it could cause a brittle
failure of that component, or failure of an adjacent component, resulting in the failure of the antiram system.
Due to large forces and high loading rates during impact, it is difficult to determine a
design load for anti-ram barriers. Consequently, there are very few guidelines or standards for the
design of anti-ram bollard systems; it is a largely trial and error process. Although a peak force
during impact can be determined, using the peak force as the design load is not recommended for
anti-ram design, since the force acts over a very short time interval (Hu et al., 2011). Harrison
(2004) suggested the following relationship to determine the design force:
F=

(2-1)
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where m is vehicle mass, v is impact velocity, and c is deformation of the barrier. For a rigid
bollard under truck impact, v/c is taken as 17.6 s-1.
Because of the difficulty in establishing a design load for anti-ram bollards and the
complexity of vehicle-barrier interaction during an impact, it has become the norm to design
barriers based on computational finite element simulations (Magallanes, 2008; Omar et al., 2007;
Hu et al., 2011; Dawson and Tennant, 2008; Crawford and Lan, 2005). According to Dawson and
Tennant (2008), dynamic finite element analyses can accurately represent potential failure
mechanisms of anti-ram bollards, and provide the most accurate and economical designs.
Although much of the anti-ram design process is trial and error, there are some
recommended anti-ram design considerations. To properly engage a truck during collision,
vertical bollards should be at least 0.9 m (3 ft) tall (Dawson and Tennant, 2008). It has also been
determined through experimental testing that the anti-ram bollard must be stiff enough to prevent
deformations in excess of 8 degrees of rotation to prevent the truck from riding over it.
Foundation depths for anti-ram bollard systems are typically 0.3 m (1.0) to 0.5 m (1.6 ft) (Hu et
al., 2011). However, the foundation depth and system footprint can be limited by site condition
constraints. Many anti-ram barriers are utilized in urban settings, where existing utilities can
intrude on anti-ram barrier foundations. Since bollards are usually placed as closely to the
roadway as possible, designers may need to get approval from the city, which may involve
demonstrating that the anti-ram foundation does not negatively affect the utilities (Dawson and
Tennant, 2008).
Additionally, impact position and action area must be considered for anti-ram bollard
design. Vertical steel tube bollards must be spaced closely enough to prevent vehicles of any
width from fitting between them. It is recommended to have a maximum center-to-center bollard
spacing of 1.5 m (5.0 ft) (Alderson et al., 2004). In addition, unless the bollard center-to-center
spacing is half the width of a vehicle or less, it should be assumed that the vehicle impact is
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resisted by a single bollard. It is recommended for design, though not required, to tie the vertical
anti-ram bollards together below-grade. This allows the steel members to interact as a system to
resist the vehicle impact by engaging more concrete in the foundation (Alderson et al., 2004).
Even though most steel anti-ram systems utilize load sharing in the foundation, limited research
has been completed that investigates the effectiveness of above-grade steel members to share
loads between vertical bollards.

2.2.2 Steel Load-Sharing Member Failure Modes
To assist with design decisions for load sharing members in the studied anti-ram bollard
system, relevant failure modes for steel members were investigated. To determine how steel
members fail under a complex load, The American Institute of Steel Construction’s (AISC) Steel
Design Manual, 14th Edition (AISC, 2011) was used. The AISC Steel Design Manual is the
universally accepted guide for the design of structural steel members. In a high speed impact
event with a structural system, many failure modes are present and occurring simultaneously. The
AISC limit states that were investigated for this study are:


Gross Section Yielding,



Net Section Fracture,



Flexural Yielding, and



Shear.

These limit states represent the primary failure modes for the load sharing members in the
studied anti-ram bollard system. These are the applicable AISC limit states for the internal axial,
shear, and flexural forces in the members. Certain limit states, such as lateral torsional buckling,
do not apply to this system based on geometry and member type. The selected failure modes are
further explained in Chapter 7.
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2.3 Material Response Under High Strain Rates
An important factor to consider when designing anti-ram system components for impact
is the dynamic material response of the members and foundation. A high speed collision, such as
a truck impacting a barrier, involves large displacements, material non-linearity, and material
behavior under high strain rates (Wright, 2004). Strain rate is the instantaneous rate of change of
strain with respect to time, and is usually reported in the units of s-1. Additionally, higher modes
of vibration, changes in failure mode due to propagating stress waves, and localized damage
could affect the design of an impact-resisting structure. An impact load is a short duration, high
amplitude pulse that is suddenly applied to the structure, as shown in Figure 2-2 (Salmon and

Force

Johnson, 2009).

Time

Figure 2-2: Example of a basic impact load diagram

Structural steel has a generally linear stress-strain relationship until yield. Within this
range, the steel can rebound elastically from loading. Beyond the yield strength, the steel endures
plastic behavior up to 10 to 15 times the elongation needed to reach the yield strength. Beyond
the plastic range, strain hardening occurs, which gives the steel increased strength with further
elongation. A structure designed to elastically resist large vehicular impacts would be
impracticably large and expensive. For this reason, impact-resisting structures are typically
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designed to contribute all of their resistance, both elastic and inelastic, to resist extreme loading
by absorbing damage locally. Since anti-ram barriers are rarely impacted, it is generally
economically efficient to replace a lighter anti-ram structure that deforms plastically than to
install and repair a large structure that deforms elastically. In addition, impact-resisting structures,
such as anti-ram systems, are designed for human life safety, which make criteria such as
serviceability and life-cycle costs less relevant.
At the onset of a high speed impact, stress waves propagate through the impacted
members, which can cause large inelastic deformations. Next, the whole impacted structural
system is dynamically excited and vibrated as it absorbs and dissipates the impulse. In a high
speed impact, most of the large inelastic deformations occur at high strain rates (Ramesh, 2008).
Due to high strain rates during impact, rate-dependent material properties must be considered
when designing impact-resisting structures. During a high speed impact, such as a truck striking a
barrier, strain rates are typically on the order of 1 to 10 s-1 (Bischoff and Perry, 1991). As the
strain rate goes up in a structural steel member, the following changes to the stress-strain
distribution take place: the yield stress and strain increase, the instant at which strain hardening
begins increases, and the ultimate strength increases slightly (Norris et al., 1959). At very high
strain rates the yield stress of steel can increase by 60 percent due to strain hardening (Malvar,
1998). Additionally, as strain rate increases, ductility is reduced due to a smaller hardening
modulus, which is strain rate dependent (Kuroda et al., 2005).
It has been shown that almost all mechanical properties of concrete are strain-rate
dependent. Like steel, concrete exhibits strength enhancement under higher applied load rates.
This can be attributed to effects of stress-wave propagation and viscous effects within the porous
networks concrete (Sercombe et al., 1998). Microscopic viscous forces within the concrete have
been shown to stiffen the cement paste, which is some cases can lead to failure planes through the
aggregates, thereby rendering the mix stronger (Weerheijm, 1992). During rapid loading, the
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maximum tensile strength, modulus of rupture, and corresponding failure strain all increase
(Bischoff and Perry, 1991). At the typical strain rates experienced during vehicle impacts (1 s-1 to
10 s-1), concrete can experience up to a 100% increase in its compressive strength. However, as
loading rate increases, there is more variability in the strength enhancement.
Additionally, as the static strength of concrete increases, it sees a smaller percentage of
dynamic strength increase due to rate effects and viscous hardening (Bischoff and Perry, 1991). It
has been proposed that this behavior has to do with the proportion of stronger aggregate particles
broken under higher load rates. Consequently, for more impact resistant concrete, it is
recommended to use aggregate that exhibits a good bond with the surrounding mortar matrix.
This leads to more propagation of cracks through aggregate during impact, resulting in higher
strength.

2.4 Computational Modeling

2.4.1 Overview
Since full scale impact testing typically results in destruction of the test vehicle and
barrier, and costly site requirements must be adhered to, crash tests can be very expensive. It
would be infeasible to test anti-ram system designs by physical impact testing alone; therefore,
there is a need to model complex impacts using computer simulations. Computational finite
element software has been used to successfully develop models for anti-ram bollard designs. This
section presents and summarizes research that has investigated finite element modeling of
vehicular impacts with anti-ram structures using LS-DYNA (LSTC, 2007). Discussions focus on
relevant assumptions, parameters, and materials models that can be used for modeling vehicular
impacts into steel anti-ram systems.
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LS-DYNA is a general purpose finite element code that features explicit and implicit
time integration, which allows for more user control in determining the time steps and the
robustness of the simulation. In addition, the program can account for large deformations,
nonlinear material behavior, and contact-separation behavior (Krishna-Prasad, 2006). LS-DYNA
supports a large variety of element types and constitutive material models that can be used to
model structure behavior. In addition, the National Crash Analysis Center (NCAC) provides
premade LS-DYNA vehicle models for impact simulations.
LS-DYNA has proven to be a powerful means to model vehicle-structure interaction in
high velocity impacts and is the industry norm with respect to anti-ram barrier design. Ren et al.
(2004) used LS-DYNA for a computational nonlinear explicit dynamic analysis for evaluation of
a road safety barrier. The computational simulation provided comparable results to experimental
impact testing and could be used for future testing of other safety barriers. Omar et al. (2007)
modeled an anti-ram bollard system and impact vehicle that had a peak error under 3% when
compared to experimental crash testing. Chunlin et al. (2008) used LS-DYNA to study anti-ram
bollard systems and observed coinciding results between the simulation and crash test result.
Crawford and Lan (2005) used LS-DYNA to effectively design steel anti-ram systems as well as
other types of impact-resisting systems (Crawford and Lan, 2005). Dawson and Tennant (2008)
used LS-DYNA finite element modeling to simulate vehicle-structure interaction and to
determine potential damage to below-grade utilities. Magallanes (2008) reviewed LS-DYNA
constitutive models for use in impact simulations for anti-ram design.
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2.4.2 Boundary Conditions
When considering the large impulsive force imparted by the impacting vehicle, model
boundary conditions are especially significant. In the past, researchers have assumed a fixed
support as a boundary condition for computational testing of anti-ram barriers. This is not
sufficient for the modeling of a full anti-ram bollard system surrounded by soil, since it excludes
the below-grade member interaction and subsequent reactions that may occur within the
foundation. While also failing to represent below-grade failure modes in the anti-ram system, the
lack of ductility that would occur within the foundation by using a fixed boundary condition
would be ignored, which could cause premature failure of above-grade members. For this reason,
it is recommended that the reinforced concrete foundation, below-grade steel members, and
surrounding soil be included in the model (Hu et al., 2011).
A significant concern with respect to boundary conditions is the modeling of the site
conditions and their interaction with the anti-ram system. Studies have shown that actual project
site conditions can differ significantly from conditions at test track facilities and from assumed
boundary conditions in computational models (Chunlin et al., 2008). The example provided by
Chunlin et al. is an anti-ram bollard system that is confined in soil or asphalt in the finite element
model and in the test site, but is installed adjacent to a planter filled with soft soil for flowers at
the actual site. Even though the barrier successfully prevented penetration of the confined case,
the change of boundary conditions caused the barrier to fail in the field conditions.
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2.4.3 Material Models
One of the features that contributes to the effectiveness of LS-DYNA in simulating
dynamic loading is the software’s extensive material model libraries (LSTC, 2007). This section
discusses material models that are successful in modeling concrete, steel and soil under high
strain rates. Magallanes (2008) studied the ability of several widely used concrete constitutive
models to predict the response of reinforced concrete structures to impulsive loads using LSDYNA. It was determined that only material models that represent concrete tri-axial stress states
with an equation of state approach adequately predicted the structural response of the concrete.
Of the concrete constitutive models examined, the following three produced the best results: LSDYNA Material types 72, 72 Release 3, and 159 (Magallanes, 2008).
Material 72 (keyword *MAT_CONCRETE_DAMAGE) was developed by Malvar et al.
(1997) to address shortcomings of the most robust concrete constitutive model at the time,
Material 16 (keyword *MAT_PSEUDO_TENSOR). Material 16 decouples the volumetric and
deviatoric responses of the concrete and uses an equation of state to give the pressure. The
decoupling of responses does not incorporate shear dilation in the concrete, which results in softer
than observed behavior (Malvar et al., 1997). For Material 72, the stresses are elastic until the
initial yield surface is reached and then increase further until the maximum yield surface is
reached. After the stress point reaches the maximum yield, the response can be perfectly plastic
or can soften to the residual yield surface, as shown in Figure 2-3. Material 72 was updated in
Material 72 – Release III (keyword *MAT_CONCRETE_DAMAGE_REL3), which uses three
shear failure surfaces and includes damage and strain-rate effects (LSTC, 2007). The most
significant improvement in Release III is a model parameter generation capability, based on the
concrete’s unconfined compressive strength. This allows for concrete material model parameters
to be generated with minimal inputs provided by the user.
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Figure 2-3: Three failure surfaces for Material 72 (Malvar et al., 1997)

Material Type 159 (keyword *MAT_CSCM_{OPTION}) is a continuous surface cap
model for use in solid elements in LS-DYNA. The model’s yield surface has a smooth
intersection between the shear yield surface and compressive hardening cap, which allows both
limit states to be reasonably represented. A general view of the continuous surface cap is shown
in Figure 2-4. The model gives the user the option of inputting material properties for any solid
material, or inputs default material properties for normal strength concrete. The constitutive
model uses viscoplasticity to simulate rate effects. Material 159 was developed by the Federal
Highway Administration (FHWA) to model the dynamic performance of concrete in roadside
safety structures under vehicular impact (FHWA, 2007). The model implements equations for the
following formulations:
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Isotropic constitutive equations,



A hardening cap that expands and contracts,



Damage-based softening with erosion, and



Rate effects for high strain rate applications.

Figure 2-4: Continuous surface cap concrete yield surface for Material 159 (FHWA, 2007)

LS-DYNA also provides a variety of models that can be used to simulate the material
properties of steel under high rate dynamic loads. These can be applicable to both steel
reinforcing bars and structural steel members. Material Type 3 (keyword
*MAT_PLASTIC_KINEMATIC) is able to simulate isotropic and kinematic hardening with the
option of including rate effects and is capable of modeling beam, shell, and solid elements
(LSTC, 2007). Material 3 is effective at simulating quasi-static and cyclic loading because of its
user-specified parameter that defines either kinematic or isotropic strain hardening, or some
combination of the two. It uses a bilinear representation of the stress-strain curve that models
elastic-plastic behavior with kinematic and isotropic strain hardening, as shown in Figure 2-5.
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The curve is defined by modulus of elasticity (E) and a tangent modulus (Et), which is the slope
of the bilinear stress-strain curve. l0 and l are the undeformed and deformed lengths, respectively,
of a specimen in uniaxial tension.

Figure 2-5: Elastic-plastic behavior of Material Type 3 (LSTC, 2007)

Another LS-DYNA constitutive model that can properly account for high strain rates in
the steel members of the anti-ram device is Material Type 24 (keyword
*MAT_PIECEWISE_LINEAR_PLASTICITY). It is an elasto-plastic material that allows strain
rate dependency to be defined (LSTC, 2007). This material allows three options to account for
strain rate effects. The first option is to account for strain rate using the Cowper and Symonds
model, which scales the yield stress with the factor:

1

(2-2)
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where is the strain rate and p and C are strain rate parameters. The second strain rate effects
option allows for a user-defined scale factor versus strain rate curve. Typically, the scale factor
for the yield stress is referred to as a dynamic increase factor (DIF), which is scaled as a function
of strain rate (Malvar, 1998). One formulation for DIF that has been shown to reliably simulate
strain rate effects between 1 to 10 s-1 for both yield and ultimate stress is:
(2-3)
where

values for yield stress and ultimate stress were found to be the following:
0.074

0.040

(2-4)

0.019

0.009

(2-5)

The third option for simulating strain rate effects in Material Type 24 is for the user to
input various stress-strain curves for different strain rates. LS-DYNA allows for these values to
be input tabularly. Elastic-plastic material models, like Material Type 24, have been shown to
accurately describe metallic materials based on crystal plasticity. According to Du Bois et al.
(2005), Material Type 24 is the most commonly used elastic-plastic material model in LS-DYNA
used for modeling structures under vehicle impact.
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2.5 Summary
This literature review contains information from previously conducted studies pertaining
to anti-ram bollard design, material response under high strain rates, and finite element modeling
of vehicle impacts. Presented items include initial anti-ram bollard system design information and
failure modes for load sharing members in the structural system. Steel member design criteria
from The American Institute of Steel Construction were used in the member selection process.
Additionally, information was presented pertaining to the material response of steel and concrete
under high rate impact loading events, as well as computational modeling techniques to simulate
vehicle impacts into a structural system. Information from the reviewed literature was used to
assist with development of a finite element model of the anti-ram system and the design of load
sharing members with the purpose of resisting high speed vehicle impacts.
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Chapter 3
Experimental Crash Testing

3.1 Overview
This chapter focuses on experimental crash testing standards and test methods along with
data collection procedures. First, crash test standards are evaluated, with particular emphasis on
ASTM F2656-07: Standard Test Method for Vehicle Crash Testing of Perimeter Barriers (ASTM,
2007), which was followed for experimental crash testing procedures. Next, the test article and
testing methods are described for the anti-ram crash test that provided the experimental data for
this study. The crash test was performed on June 14, 2011 by the Thomas D. Larson Pennsylvania
Transportation Institute (O’Hare, 2012a). Data was taken from an anti-ram system consisting of
two vertical bollards set in horizontal foundation members and a reinforced concrete foundation
with horizontal plates acting as load sharing members between the bollards. This test was chosen
because its success directly depends on the load sharing members between the two bollards.
Finally, crash test data collection is discussed. Experimental impact data was collected from
gages affixed to the steel anti-ram structure. The crash testing data was used to calibrate the finite
element model of the anti-ram system.

3.2 Crash Testing Standards
In 1985, The United States Department of State established its original standard testing
and certification protocol for vehicle barriers by adopting the Specification for Vehicle Crash
Testing of Perimeter Barriers and Gates (U.S. Department of State, 1985). This document
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specified test vehicle mass, payload weight, impact speed ratings, and allowable penetration
distances for the impact testing of perimeter security elements.
As a result of an increase in frequency and scale of terrorist attacks, the Department of
State determined that a stricter standard was warranted to combat VBIED attacks on buildings
(Hu et al., 2011). In addition, the standard was modified for changes to vehicles over time.
Subsequently, the original standard was revised in 2003 and was titled Test Method for Vehicle
Crash Testing of Perimeter Barriers and Gates, Revision A: SD-STD-02.01 (U.S. Department of
State, 2003). The most important modifications in Revision A were changes to the allowable
penetration distances. The Department of State reduced the existing penetration rating levels of
1m (3.3 ft), 6m (20 ft), and 15m (50 ft) to a single value of 1m (3.3 ft) as an upper bound for all
anti-ram systems. Until 2007, the Department of State’s Test Method for Vehicle Crash Testing,
Revision A was the major standard for the crash testing of vehicle barriers; however, it was very
specific to the test conditions that the Department of State required for its own facilities. There
was a need for a broader standard that encompassed more test parameters used by the Department
of Defense, the Department of Energy, and private owners. Subsequently, The American Society
for Testing and Materials expanded the Department of State standard by publishing ASTM
F2656-07: Standard Test Method for Vehicle Crash Testing of Perimeter Barriers: (ASTM,
2007). The main additions to ASTM F2656-07 were supplementary vehicle types, impact speeds,
and acceptable penetration limitations.
In addition to the single medium duty flatbed truck (M) that was used as the only test
vehicle in the Department of State standard, three test vehicles were added to ASTM F2656-07: a
small passenger car (C), a pickup truck (PU), and a heavy goods vehicle (H). The document also
defined permissible speed ranges for different condition designations, as shown in Table 3-1.
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Table 3-1: ASTM Impact Condition Designations (ASTM, 2007)

The penetration rating is determined by the vehicle’s dynamic penetration into or through
the barrier for the specific crash test impact condition designation. In addition to the 1m (3.3 ft)
dynamic penetration distance, three more ratings were added to the ASTM Standard Test Method,
with the resulting four ratings ranging between P1 to P4, as shown in Table 3-2. This provided a
broader range of penetration ratings for facilities with larger standoff distance from roadways.
The test vehicle dynamic penetration distances are measured from a different point on each
vehicle, typically the area of the vehicle where explosive payload would be carried. The dynamic
penetration measurement for a medium duty flatbed truck (M), which is used in this study, is
taken from the leading lower edge of the cargo bed to the back edge of the anti-ram device, in this
case the back edge of the vertical bollards. A depiction of this measurement is shown in Figure
3-1.
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Dyn. Penetration

Table 3-2: ASTM Penetration Ratings (ASTM, 2007)

Anti‐ram Device

Test Vehicle
Test

Figure 3-1: Dynamic penetration of the medium duty truck (M) specified by ASTM F2656-07

In addition to impact designations and dynamic penetration ratings, ASTM F2656-07
contains specific information about test site preparation. The test site must be accredited for crash
testing, which requires that the facility have the following: adequate space to accelerate the
vehicle to the desired impact velocity, a minimum of 30 m (98 ft) behind the barrier, and a level
surface for impact that replicates the anticipated field conditions. For all barriers that are
embedded in soil, the soil must be low-cohesive, well-graded crushed stone or broken gravel with
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a specified particle size distribution. This is a conservative measure to attempt to specify worst
case soil conditions for any installation site.
The test vehicle, which was a medium duty truck (M) for this study, must be: structurally
sound; have an unmodified bumper; and be free of any modifications that would affect crash
performance. There is no specified vehicle guidance system provided it does not significantly
alter the vehicle’s collision dynamics. To accomplish this, the prime guidance system must be
disengaged prior to impact. The vehicle approach and subsequent impact must be at 90° ± 3° and
be centered on the most vulnerable part of the test barrier. If the crash test is conducted in
accordance with all of the aforementioned test methods, the barrier is assigned a condition level
based on vehicle type, impact velocity, and penetration rating.

3.3 Crash Test Description
This section describes the test article and vehicle guidance system for the crash test that
was used in the study to calibrate the finite element model of the anti-ram system. The data was
taken from an experimental crash test performed on June 14, 2011 by the Thomas D. Larson
Pennsylvania Transportation Institute (O’Hare, 2012a). The test was performed in accordance
with ASTM F2656-07 with a desired penetration level of P1 (ASTM, 2007).

3.3.1 Anti-Ram Structure Description
The anti-ram test article for the experiment was designed by the Larson Transportation
Institute, and consisted of two vertical steel tube bollards embedded in a composite foundation
with dimensions of 2.80 m x 1.22 m x 0.48 m (9’-2” x 4’-0” x 1’-6”). General views of the twopost anti-ram system are shown in Figure 3-2. The two vertical bollards were HSS 8x8x5/8 A500

29
Gr. B steel tubes that protruded 1 meter (3’-3”) above finished grade, with a spacing of 1.2 m (3’11”) between the inner edges of the bollards. The vertical bollards penetrated through horizontal,
below grade HSS 12x12x5/8 A500 Gr. B foundation members.
Shear studs with 0.95 cm (3/8”) diameter and a length of 1.27 cm (1/2”) were welded to
the top of the horizontal members to form a composite foundation. To tie the members together
below grade and resist bending and member pullout, a pair of stacked, transverse HSS 3x3x3/8
A500 Gr. B steel tubes penetrated both the horizontal and vertical members. The small transverse
tubes had a vertical center-to-center spacing of 15.24 cm (6”). Another pair of transverse
members penetrated through the back of the horizontal members to provide more stability to the
foundation. The transverse HSS members were spliced at their midspan with a HSS 4x4x3/8
member. A490-X bolts with 22.2 mm (7/8”) diameter were used to fix the penetrating transverse
members on either side of the horizontal foundation members. High early strength concrete,
having a compressive strength of 20.7 MPa (3000 psi), was used for the foundation along with
steel reinforcement. Both vertical and horizontal steel tubes were filled with concrete as well.

Figure 3-2: General views of two-bollard anti-ram system
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This two post anti-ram bollard design utilized three above-grade 25.4 cm x 1.59 cm
(10” x 5/8”) A36 transverse steel plates to enable load-sharing between the vertical bollards.
These transverse plates were made of A36 steel and were 1.78 m (5’-10”) long. The plates were
fastened with 22.2 mm (7/8”) diameter A490-X bolts on either side of each vertical bollard. The
design intent was for the steel plates act as tension members to transfer the impact load and
engage both bollards to dissipate impact energy. Load sharing members were investigated and
optimized in this study. The methodology for the design of load sharing members and their
configurations is discussed in Chapter 7.
For aesthetic purposes, the two-post anti-ram system was covered with a non-structural
steel frame and sheet metal sheath, allowing the barrier to function as a sign. See Figure 3-3 for a
general view of the two-post anti-ram system with foundation nested within the sign structure.

Figure 3-3: General view of two-post anti-ram system with foundation and sign structure
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3.3.2 Test Description
An appropriate test vehicle meeting ASTM F2656-07 criteria for a medium-duty flatbed
truck was purchased and prepared for the test. The test vehicle was structurally sound, with no
major rust or weaknesses, and had no structural modifications or additions that would affect test
performance. The weight of the truck with ballast was within the weight range specified for a
medium-duty flatbed test vehicle. The test vehicle is shown in Figure 3-4.

Figure 3-4: General view of the impact vehicle as specified by ASTM F2656-07

According to ASTM F2656-07 requirements, the vehicle impact should be centered on the
most vulnerable section of the test article. To adhere to this requirement, the line of impact for the
flatbed truck was centered on the left vertical bollard when viewed from the direction of impact.
The vehicle was brought to the specified impact speed with assistance from a towing system
consisting of a tow vehicle, tow cable and pulley system.
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3.4 Crash Test Data Collection
Crash test data was taken in the form of strains at various locations on the steel anti-ram
structure. This was accomplished by attaching strain gages to critical locations on the anti-ram
bollard system. Vishay Micro-Measurements, Model 250 LW strain gages, as shown in Figure
3-5, were used (Vishay Precision Group, 2010). A total of fifty strain gages were attached to the
anti-ram structure. More gages were concentrated on the left side of the anti-ram system because
the vehicle’s line of impact was centered on the left bollard as discussed above.

Figure 3-5: Micro-Measurements strain gage (Vishay Precision Group, 2010)
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Twenty of the fifty strain gages acquired for this test are shown on the plan view of the
anti-ram device in Figure 3-6. Ten gages were placed on the top and bottom flanges of the left
horizontal HSS 12x12x5/8 member to determine strains in the foundation member and local
deformations around the bollard penetration zone (all gages shown in Figure 3-6 were on both top
and bottom of the member in the same location). Four strain gages were placed on the top and
bottom of the right bollard around the penetration zone. Six more strain gages were fixed to the
top and bottom of the below-grade HSS 3x3x3/8 members to examine the effectiveness of these
load sharing members, with four on the front transverse members (top and bottom of each of 2
members) and two on the back member (top and bottom of top HSS member).

= Strain Gage

Figure 3-6: Plan view of strain gage locations on the anti-ram barrier
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Sixteen strain gages are shown in the front elevation of the two-post anti-ram structure in
Figure 3-7. Twelve of these gages were attached to the front and back of the three load sharing
plate members. These sensors were placed two bolt diameters from the connections, so that they
would not pick up local strain concentrations around the bolts and would instead examine strains
in the load sharing members. Additionally, four gages were placed on the front and back of each
vertical bollard 1.27 cm (1/2”) above the top face of the horizontal foundation members at
anticipated hinge points where some of the largest bending stresses were expected to occur.

= Strain Gage

Figure 3-7: Front elevation view of strain gage locations

Of the fourteen remaining strain gages, ten are shown in the side elevation view of the
left bollard in Figure 3-8. These ten gages were placed at 45 degree angles along each side of the
left horizontal tube to monitor shear strains. The four gages not shown were on the right bollard
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in the two 45 degree orientations shown that were closest to the vertical bollard members. As
before, the right bollard had less strain gages because it was not being directly impacted.

= Strain Gage

Figure 3-8: Side elevation view of strain gage locations on left anti-ram bollard

The strain gages were hard-wired to a data acquisition system that was sufficiently robust
to collect meaningful data over the short time interval of vehicle impact. The sampling frequency
of the data acquisition system was 16,384 s-1. Each working sensor was anticipated to document a
sharp spike in strain data over the extremely brief duration of impact. The data from each strain
gage was taken and used to calibrate the LS-DYNA finite element model.
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3.5 Summary
This chapter described the experimental crash testing methods that were be used in this
study. Information presented included past vehicle crash testing standards and the details of
ASTM F2656-07: Standard Test Method for Vehicle Crash Testing: (ASTM, 2007), which was
used for this study. Next, the experimental crash testing method was described for the test
performed on June 14, 2011 by the Thomas D. Larson Pennsylvania Transportation Institute. The
test was performed on a two-post anti-ram bollard system that utilized above grade load sharing
with three transverse steel plates. This test was chosen because it most directly evaluates the load
sharing members between the two anti-ram bollards. The test vehicle was a medium-duty flatbed
truck and the desired dynamic penetration level, measured from the leading lower edge of the
cargo bed, was 1 meter (3’-3”). Data for the impact test was taken by strain gages that were fixed
to critical locations on the anti-ram bollard system. The data was used to calibrate the finite
element model, which is then be used to assess the load sharing members in the anti-ram system.
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Chapter 4
Computational Modeling

4.1 Overview
This chapter describes finite element modeling techniques that were used to simulate
vehicle impacts with the two-post, anti-ram bollard system using LS-DYNA. A previously
developed computational model of the two-bollard anti-ram structure that was crash tested as
described in Chapter 3 was calibrated and modified to assess beneficial load sharing member
design features. The model’s construction is summarized along with selected constitutive material
models, boundary conditions, and model interactions. Next, the finite element truck model
created by the National Crash Analysis Center (NCAC, 2011) is described, followed by a
summary of the various updates and changes to the stock NCAC flatbed truck vehicle model for
the initial finite element model.

4.2 Finite Element Device Description
The initial finite element model was created in LS-DYNA to match the two bollard antiram system described in Section 3.3.1 that contained three horizontal steel plates as the main,
above grade, load sharing members between two vertical anti-ram bollards. LS-DYNA can
account for large deformations and nonlinear metal behavior and has proven to be an accurate
means to model vehicle-structure interaction in high velocity impacts (Krishna-Prasad, 2006).
Dimensions and member sizes were consistent with the description of the two-bollard
steel anti-ram system in Section 3.3.1. Because they are relatively thin, the vertical and horizontal
steel HSS members were modeled using four-noded shell elements. Shell elements were chosen
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over solid elements for these components because two or more solid elements through the
thickness of a part (a user-defined collection of elements and nodes) are required to produce
accurate results, and multiple solid elements through the thin section of the HSS members would
be computationally expensive. The four-noded shell elements that make up the steel HSS
members had a thickness of 1.59 cm (5/8”). Due to similarly large length-to-thickness ratios, shell
elements were also used to model the three above-grade load sharing plate members, which also
used a section thickness of 1.59 cm (5/8”). Since beam elements traditionally cannot accurately
estimate yielding through the entire cross section of the element, they are not appropriate for
examining load sharing and stress levels in more complicated members and structural elements,
which have complex interactions through the depth of their cross sections. The below-grade
transverse steel HSS members, as well as the tie splice connecting the below-grade transverse
members, were also modeled with shell elements having a 0.95 cm (3/8”) thick section.
Because the vertical and horizontal HSS members, transverse HSS members, and
transverse plate members and all their components were represented using shell elements
penetrating each other, generalized surface-to-surface contact was applied to the steel members
that make up the anti-ram structure. This formulation utilizes a two-way contact as opposed to a
one-way contact such as node-to-surface contact or one way surface-to-surface contact. One way
contacts prevent penetration of one set of nodes or elements (designated as the “slave” nodes or
elements) through a surface (designated as the “master”). In a two-way surface-to-surface contact,
LS-DYNA checks whether slave elements penetrate master elements and whether master
elements penetrate slave elements during each time step, which makes the designation between
master and slave sections arbitrary. For crash simulations, two-way contacts are preferred because
the orientation of parts relative to one another can change as the device goes through large
deformations (LSTC, 2007). The analysis must be able to account for any element passing
through any other element during an impact event. A coefficient of friction of 0.3 was applied to
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the two-way steel to steel contact, which is a typical value for friction between steel components.
(Beek, 1995).To simulate connections that bolted transverse steel plates and tubes to the vertical
and horizontal HSS members, LS-DYNA “Spotwelds” were used at the interface of the transverse
members and the larger horizontal and vertical HSS members. The “Spotwelds” are nodal
constraints that couple elements and are used to model welded connections and are less expensive
computationally than making individual bolts for a more realistic connection. They are a fairly
accurate representation of a bolted connection, since failure strains, shear stresses, and normal
forces can be input to simulate a bolted connection’s capacity.
Because the steel reinforcing bars are long with respect to their cross sectional area and
are primarily loaded axially, they can be accurately represented with two-noded beam elements.
A section with a diameter of 0.95 cm (3/8”) was applied to the beam elements representing the
standard #3 steel reinforcing bars used for temperature and shrinkage in the foundation. Shear
studs on top of the horizontal HSS member were also modeled using beam elements, despite
being shorter with respect to their cross sectional area. This was still reasonable approximation
since the studs were only used to engage more of the concrete foundation using their shear
stiffness.
The steel reinforcement and shear studs, as well as the foundation HSS, were coupled
with the concrete foundation using the constrained Lagrange in solid command in the initial
model. The benefit of the Lagrange in solid constraint is that it decouples the rebar and concrete
nodes so that they are not concurrent. This constraint has been shown to accurately model the
interface between steel reinforcement and concrete. (Moutoussamy et al., 2011). Because the
Lagrange in solid constraint must prevent the steel foundation members from moving through the
concrete foundation, three different constraints were established with the rebar, shear studs, and
foundation HSS member elements being the “slave” parts and the foundation concrete being the
“master” part.
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The concrete that makes up the foundation and fills the vertical bollards was modeled
using constant stress solid elements. Since solid elements are able to fully capture threedimensional states of stress, they are generally used to model thick components. Additionally,
most concrete material models in LS-DYNA that have been shown to accurately simulate
concrete behavior under high strain rates (as described in Section 2.4.3) require solid elements.
To more realistically represent foundation interaction with the surrounding soil and
address the potential of the entire foundation to translate or rotate during impact, foundation
concrete was confined by 686 mm (27 inches) of soil on each side and 152 mm (6 inches) of soil
on the bottom. This soil was also modeled using solid elements. The soil dimensions were based
on previous impact tests of similar anti-ram devices by the Thomas D. Larson Pennsylvania
Transportation Institute that included pressure cells in the soil less than 68.6 cm (27 inches)
behind the foundation and 15.2 cm (6 inches) below the foundation. The maximum soil pressures
recorded at these locations was 0.03 MPa (4.4 psi), which were small enough to be negligible for
the purposes of the finite element model (O’Hare, 2012b).
To adequately establish interaction between the foundation and soil during a crash event,
surface to surface contact was used between the foundation and surrounding soil in a fashion that
prevented foundation nodes from penetrating soil nodes. The coefficient of friction for the soil
and foundation contact was set to 1.0, since this was the only value in the initial models that
prevented rigid body rotation of the foundation out of the ground. This value was impractically
high, but was necessary to initially give globally accurate results. This contact is addressed in the
model calibration section (Chapter 6). The interface nodes along the sides and top of the soil
elements were the slave nodes, while the foundation bottom and sides were input as the master
surfaces. The boundary around the soil was established using a single point constraint boundary,
so that a set of soil nodes could be constrained to define a rigid boundary around the device and
soil finite element model. Each of the four sides and the bottom of the soil were constrained
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against translation in the direction perpendicular to their face. A general isometric view of the
initial finite element model is shown in Figure 4-1.

Transverse Plates
Soil

Bollard

Foundation

Figure 4-1: General view of the initial LS-DYNA anti-ram system model

4.3 Finite Element Vehicle Description
In the past, vehicle models for computational crash simulations were created by
researchers that weren’t vehicle experts, making them less accurate and widely inconsistent (Hu
et al., 2011). For this reason, the National Crash Analysis Center (NCAC) at George Washington
University developed a series of finite element vehicle models for LS-DYNA (NCAC, 2011).
One of the provided vehicle models is a Ford F800 flatbed truck, which is comparable to the
standard flatbed truck test vehicle specified by ASTM F2656-07.
The finite element vehicle model needed to be modified to more closely replicate
standard test vehicles used for ASTM certified crash tests. These modifications were completed
by other researchers and are briefly summarized here. The NCAC finite element vehicle enclosed
truck bed was removed to provide a flatbed like the standard ASTM medium duty truck.
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Additionally, solid elements were used to mimic barrels containing ballast is required by ASTM
F2656-07 to represent an explosive payload. Contacts between all truck model parts were defined
using single surface contact. The single surface contact considers a group of selected modeling
parts and prevents those parts from penetrating one another. This is a widely used contact option
for vehicle crash simulations due to high uncertainty associated with a complex impact event
(LSTC, 2007). The single surface contact utilized a static coefficient of friction of 0.25 and a
dynamic coefficient of friction of 0.15, which are approximate coefficients of friction between
various metal parts in the vehicle. The finite element truck model is shown in Figure 4-2.

Figure 4-2: General view of the modified finite element truck model

All nodes on the truck except for those on the wheels were given a horizontal initial
velocity of approximately 80.5 kph (50 mph) in the direction of impact, since that was the speed
of the experimental crash test performed on the two-post anti-ram device. Because the primary
loads in the model are imparted by the impacting vehicle, the only body force that was required to
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be applied to all parts in the model was gravity. To keep the truck on grade during approach and
through the impact, a rigid surface was defined at ground level under the truck leading up to and
past the anti-ram system. Impact between the truck and anti-ram barrier was established via
surface to surface contact. The two surfaces used for this contact were a set of all elements that
make up the impacting vehicle and a set of the elements making up the transverse plates, vertical
bollards, and foundation, so that no part of the truck artificially penetrated any part of the antiram system that could feasibly be impacted. The preliminary coefficient of friction for the contact
between the truck and bollard system was established as 0.4, which is an approximate measure
for aluminum on steel and steel on steel (Beek, 1995). More information on the vehicle and its
effects on the impacted device is found in Chapter 6.

4.4 Material Models
One of the features that makes LS-DYNA effective at simulating dynamic loads is the
software’s extensive material model libraries (LSTC, 2007). The most accurate and widely used
material models for steel and concrete under high speed impacts were presented in Chapter 2.
This section discusses the constitutive models that were deemed most effective for the initial
finite element model of the anti-ram system being investigated herein.
For concrete under high strain rates, Material Types 72, 72 Release 3, and 159 were
investigated as discussed in Section 2.4.3. Of the three, Material 159, which is a continuous
surface cap model for concrete, is reported to be the most robust and widely used for vehicular
impact applications (LSTC, 2007). Material Type 159 has the benefit of a continuous yield
surface cap that expands and contracts based on concrete volume changes during compaction or
expansion of the solid elements (Figure 2-4). This yield surface continuously combines a shear
failure surface with a compression hardening cap, which allows both limit states to be reasonably
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and concurrently represented. Additionally, Material Type 159 can simulate damage-based
softening with erosion of failed elements and rate effects for high strain rate applications. For
these reasons, Material Type 159 was applied as the initial material model to the concrete inside
the vertical anti-ram bollards as well as the structure’s concrete foundation.
The two most common LS-DYNA material types used for steel in high strain rate
applications, Material Types 3 and 24 were examined in Section 2.4.3 to model both the structural
steel and steel reinforcing bars. According to Du Bois et al. (2005), Material 24, which is a
piecewise linear plasticity material model, is the most commonly used elastic-plastic material
model in LS-DYNA for modeling structures under vehicle impact and other research has shown
that elastic-plastic material models accurately describe metallic material response in high strain
rate applications (Malvar, 1998). Material 24 allows for strain rate dependency to be defined
through the dynamic increase factor (DIF), which is a scale factor for the yield stress as a function
of strain rate (LSTC, 2007). Because of these benefits, Material Type 24 was used to model steel
in the HSS members, transverse plates, shear studs, and reinforcing bars. The material model
inputs were modified for the separate steel types used in the bollard system, with A36 steel for the
transverse plates, A500 Gr. B steel for the HSS members, reinforcing steel for the rebar, and
A108 steel for the shear studs.
The soil surrounding the anti-ram system’s foundation was modeled using Material Type
173, which is a constitutive model for soil that utilizes a Mohr-Coulomb yield surface, given by:

τmax = C + σntan(φ)

(3-1)

where τmax is the maximum shear stress on any plane, σn is the normal stress on that plane, C is the
soil’s cohesion value (shear strength at zero normal stress) and φ is its dilation angle. The
material model can also define the tensile strength of the soil and allows for volumetric voiding of
the soil once the tensile strength is reached (LSTC, 2007). In this study, the soil’s density, shear
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modulus, Poisson’s ratio, friction angle, and dilation angle were based on the soil specified by
ASTM F2656-07 for low cohesive, well-graded gravel.
In the updated truck model, Material Type 24 was used for all steel structural components
in the flatbed truck, with varying moduli of elasticity for different types of steel or aluminum as
defined by NCAC (NCAC, 2011). LS-DYNA Material Type 1 was used for all non-structural
truck components, such as the tires, ballast barrels, spokes, rims, engine, and radiator. Material
Type 1 is a general purpose elastic material with defined density, modulus of elasticity, and
Poisson’s ratio (LSTC, 2007). These parameters were defined by NCAC in the Ford F800 truck
model.

4.5 Summary
This chapter contains information that describes the finite element modeling techniques
used to simulate vehicle impacts with anti-ram structures to assess their effectiveness and
efficiency. Information presented includes element selection, element discretization, contacts
between parts, boundary conditions, model constraints, and material model selection for the antiram device and impact vehicle. This information was used to create a computational simulation of
a high speed vehicle impact with the anti-ram bollard system. Model results are presented and
compared to experimental crash test data in Chapter 5. Model calibration, summarized in Chapter
6, attempts to achieve greater accuracy in the finite element model when assessing future load
sharing member designs.
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Chapter 5
Initial Results

5.1 Overview
This chapter discusses initial results from an experimental crash test of a two-post antiram bollard system and the finite element model of that device. The computational model data is
compared to the results of the crash test to determine agreement with the finite element model.
This information was used to create a calibrated model that proceeds with the analysis of load
sharing members in the examined anti-ram system.

5.2 Experimental Crash Test Results
This section describes the results of the experimental crash test of the anti-ram bollard
system. These results were used to calibrate the finite element model of the anti-ram system under
impact. The crash test described in this section was performed on June 14, 2011 by the Thomas
D. Larson Pennsylvania Transportation Institute (O’Hare, 2012a) and was performed according to
ASTM F2656-07 (ASTM, 2007).

5.2.1 Initial Experimental Results
The test vehicle was accelerated to an approach speed at impact of 78.9 km/h (49 mph),
and successfully impacted the anti-ram structure in accordance with the limits established by
ASTM F2656-07. A general view of the impact between test vehicle and anti-ram system is
shown in Figure 5-1. The barrier achieved a P1 penetration rating by bringing the impact vehicle

47
to a stop with a maximum dynamic penetration of -0.24 m (-0.78 ft) when measured from the
lower leading edge of the cargo bed to the pre-test inside edge of the barrier. Note that a negative
dynamic penetration measurement signifies that the leading lower edge of the cargo bed did not
cross the pre-test inside edge of the anti-ram bollard device, as defined in Figure 3-1.

Figure 5-1: General view of the vehicle impact with the 2 post anti-ram bollard system

A post-test inspection showed significant inelastic deformation throughout the anti-ram
system as shown in Figure 5-2. The top of the impacted vertical bollard deflected 1.18 m (3.88 ft)
in the direction of impact and 0.36 m (1.20 ft) perpendicular to impact toward the non-impacted
bollard. The transverse plate members deformed considerably, but succeeded in sharing the
impact load between the two vertical posts. This was shown by the reaction of the right bollard,
which was not directly impacted. The right vertical bollard deflected inward 0.12 m (0.39 ft) due
to the tension induced in the transverse plate members, engaging the non-impacted bollard to help
absorb energy from the impact vehicle. It is worthy of note that these bollard deflections were
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static deflections, measured after impact. The dynamic deflections, which could not be accurately
measured during the test, would be larger. The transverse plates experienced plastic hinging,
especially at their interface with the vertical bollards as shown in the figure. Additionally, the
bottom transverse plate ruptured from the bottom of the plate to the middle bolt hole at the
interface of the plate and the impacted bollard, as shown in Figure 5-2 and more closely in Figure
5-3. This was most likely due to net section fracture of the plate or localized shear failure where
the vehicle’s stiffened elements impacted the bollard. In addition to deformations of the steel
members, significant spalling of the foundation occurred around the impacted bollard, as shown
in Figure 5-2 and Figure 5-4. Less severe spalling was observed around the non-impacted bollard
in the direction of the transverse plates. The spalled concrete was caused by bending and rotation
of the bollards.

Plastic Hinge

Plastic Hinge

Figure 5-2: Elevation view of post-test anti-ram system condition
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Ruptured Plate

Figure 5-3: Close up ruptured bottom transverse plate member at impacted bollard

Spalling

Figure 5-4: Side view of spalling at base of the left (impacted) bollard
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5.2.2 Data Output and Filtering
Strain gage data was collected by the data acquisition system as individual, uniaxial strain
values. Before this data could be used for comparison against predictions from the initial finite
element model, it was filtered to eliminate unwanted noise using a Fast Fourier Transform (FFT)
in conjunction with Power Spectral Density (PSD) calculations for each gage location (Ewins,
2000). A MATLAB script was used to perform the FFT and PSD and to pick out the resulting
peak frequencies for further examination. A representative graph of the selected frequencies and
their spectral densities is shown in Figure 5-5.

Figure 5-5: Power Spectral Density plot to determine signal frequencies

The selected frequencies were used to determine the cutoff or transition frequency of the
digital filter. The filter selected for this study was a low-pass Butterworth filter, a commonly used
data filter (Bishop, 1996). The benefit of a Butterworth filter is that it has a very flat pass-band,
which limits the distortion of low frequency amplitudes. Additionally, the Butterworth has a
realistic overshoot, meaning that when input changes abruptly, the filter settles on the new signal
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level reasonably quickly. This is especially beneficial for the filtering of high rate, impact based
data. The Butterworth filter was applied via MATLAB and an example of the raw and filtered
experimental data is shown in Figure 5-6.

Figure 5-6: Example of raw and filtered experimental crash data

5.2.3 Strain Gage Data
Upon closer examination of data provided by strain gages on the anti-ram system, many
of the barrier’s steel members exceeded yield (ԑy = 1,241 μԑ for A36 steel; ԑy = 1,586 μԑ for A500
Gr. B steel) as they deformed inelastically and dissipated energy from the test vehicle’s impact. A
representative number of members and strain gage locations were examined in this study. The
presented gage locations were chosen based on availability (some strain gages did not survive the
impact), and importance. These significant locations, among other surviving gages, were used for
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calibration of the finite element model. The results from three representative strain gage locations
are shown and compared to the finite element model results. The most important gage location is
on the transverse plates, since the load sharing members are to be evaluated in this study.
Additionally, two locations on the impact-side horizontal member, one on a flange one on a web,
are presented. The strain gages on the vertical bollards experienced excessive strains and did not
survive the impact.
Of the strain gages placed on the transverse plates prior to the crash test, only one
survived the impact. The surviving gage was on the top transverse plate near the non-impacted
bollard, as shown in Figure 5-7. The maximum strain measured during the impact event of 11,497
μԑ was nearly ten times the nominal yield strain for A36 steel (ԑy = 1,241 μԑ), as shown in Figure
5-8. This shows that the top transverse plate experienced large inelastic deformations due to
bending near the connection zone and possibly gross section yielding. However, despite this
damage, the transverse plates shared the load between bollards and engaged the non-impacted
bollard as evidenced by lateral deformations of the non-impacted bollard.

Figure 5-7: Location of operable strain gage on the top transverse plate
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Figure 5-8: Strain time history for the strain gage in Figure 5-7

The horizontal foundation members also contributed to energy dissipation by behaving
inelastically and bending as the bollard was impacted. A representative strain time history for the
horizontal HSS member flange is shown in Figure 5-9 and Figure 5-10. This gage is located at the
middle of the member on the bottom flange. Generally, the strain gages registered compression in
the top flange and tension in the bottom flange, showing bending of the member. Compressive
strains were higher than the tensile strains, which indicated global axial compression in the
horizontal HSS member as well. Multiple strain gage locations exceeded the yield strain for A500
Gr. B steel (ԑy = 1,586 μԑ).
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IMPACT

Figure 5-9: Location of gage on the bottom of the impacted horizontal HSS member
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Figure 5-10: Strain time history for the strain gage location in Figure 5-9
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A representative strain gage location on the web of the horizontal HSS member is shown
in Figure 5-11. This gage was on the web of the impact side horizontal HSS member facing the
center of the device. The gages on the webs of the horizontal HSS member were oriented at a 45
degree angle to monitor shear strains induced by the bending of the vertical bollard. The strain
time history of this gage is shown in Figure 5-12. These diagonal strain locations recorded lower
strains than other locations, all of them staying within the elastic range. Strain gage data also
showed that below grade transverse HSS 3x3x3/8 members contributed to the load sharing in the
anti-ram system. Even though the transverse tubes registered strain values in the elastic range,
they helped to resist local failure at the interface between the bollard and foundation member by
engaging more concrete and acting as below-grade load sharing members.

IMPACT

45°

Figure 5-11: Location and orientation of strain gage on inside web of horizontal HSS member
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Figure 5-12: Strain time history of diagonally oriented strain gage shown in Figure 5-11

5.3 Finite Element Model Results
This section describes results from the initial finite element model that simulated the test
vehicle impact with the two-post anti-ram structure. The model is compared to the experimental
crash test data to complete parametric studies in Chapter 6 to calibrate and update the model. This
calibrated model is then used to evaluate various load sharing members in the two post anti-ram
system.

5.3.1 Initial Finite Element Model Results
Upon initial inspection, initial finite element model results qualitatively appeared similar
to the experimental crash test results. General views of the impacted finite element device along
with the experimental device are shown in Figure 5-13 and Figure 5-14. The impacted left bollard
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rotates and undergoes inelastic deformation primarily parallel to the impact, and also deflects
toward the non-impacted bollard. The impacted bollard’s maximum dynamic deflection parallel
to the impact was 1.15 m (3.79 ft) and the maximum deflection perpendicular to impact was 0.30
m (1.0 ft). The right, non-impacted bollard deflects inward 0.10 m (0.33 ft) toward the impacted
bollard in the finite element model, showing that load sharing members engaged both bollards to
dissipate impact energy. The maximum dynamic penetration of the leading edge of the truck
cargo bed in the finite element model was -1.07 m (-3.51 ft) compared to a maximum dynamic
penetration of -0.24 m (-0.79 ft) in the crash test. While the bollard deflections from the initial
model were realistic, the dynamic penetration distance was off by a significant amount. This is
addressed in the model calibration process (Chapter 6).

Figure 5-13: Post-impact condition of the tested device and finite element model, front view
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Figure 5-14: Post-impact condition of the tested device and finite element model, side view

5.3.2 Data Output
The process of comparing models and test results was initiated by obtaining strains from
the finite element model. So that the strains from the model would most accurately simulate
strains picked up by the strain gages, model strains were taken from individual elements at
locations similar to the placement of the strain gages for the experimental crash test. This was
done by selecting two to three shell elements, depending on the discretization and gage location,
that best approximated strain gage locations in the model. The distinction between two and three
shells was dependent on whether the gage was centered on each member, or two shells were
spanning the centerline. Strain time histories were output for the selected shell elements in the
direction of the strain gage and averaged to give an approximate strain time history for each gage
location. Element strains were used because they are formulated first in the simulation and
provide more accurate stresses and strains (LSTC, 2007). Once the strain output files were
exported, a MATLAB code was used to manipulate and plot the LS-DYNA strain data alongside
the experimental data. The MATLAB code also integrated and differentiated strain time histories
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to provide strain rate, and “strain energy”, the integral of the strain time history that represents
impulsive energy dissipation. These manipulated strain quantities are presented and used to assist
with calibration of the finite element model.

5.3.3 Finite Element Model Strain Data Results
This section presents strain data from the finite element model and compares it to
experimental strain data from the crash test. The comparisons show the strain time history, strain
rate, and strain energy for each strain gage location. The most critical strain gage location for this
study was the single surviving sensor on the top transverse plate, which is valuable for assessing
the effectiveness of the load sharing members in the anti-ram system. The location of this gage is
shown in Figure 5-7, the strain time history in Figure 5-15, the integrated strain energy in Figure
5-16, and the strain rate in Figure 5-17. The strain time histories from the initial model for all of
the functional strain gage locations can be found in Appendix A.

Figure 5-15: Comparative strain time history for the strain gage in Figure 5-7
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Figure 5-16: Experimental and model strain energy for the gage in Figure 5-7
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Figure 5-17: Experimental and model strain rates for the gage in Figure 5-7

As shown in Figure 5-15, the peak strain in the finite element model for the gage on the
top transverse plate was 8,755 μԑ, compared to 11,497 μԑ recorded in the crash test. These were
on the same order of magnitude, but have a percent error of -31.3%. For this study, percent error
is defined as:
%

100%

(5-1)

Apart from the peak strains during impact, the largest disparity in the time history was the
relaxation of the material at this gage location. After the initial vehicle impact in the crash test,
the strain fell to 23% of the maximum strain in this location. In the finite element model, the
material only relaxed to 69% of the peak strain. Many of the other surviving strain gages
exhibited similarly high locked in strain values. This could be due to a simplified stress-strain
relationship for steel in the material model. This shortcoming is addressed in the calibration
process in Chapter 6. The strain energy values of both the experimental and finite element model
are compared in Figure 5-16.
Strain gages on the horizontal HSS members overall recorded lower values than the
transverse plates. Generally, at areas where lower strains occurred, the model was less accurate at
predicting measured values. For example, for the strain gage location shown in Figure 5-9, the
model predicted low compressive strains, while the experimental data showed tensile strains, as
shown in Figure 5-18. The steel in this gage location appeared to be behaving inelastically in the
web, even though it was indicated to be below the yield strain for A500 Gr. B steel (εy = 0.0016).
Even lower strains were observed in the horizontal HSS member webs and were all in the
elastic range. The strain gage location shown in Figure 5-11 recorded a strain that was
approximately 25% of the yield strain during the crash test, as shown in Figure 5-19. The strains
from the finite element model at this location and similar locations were much lower, indicating
that as constructed, the model was not effectively modeling these shear strains.

Figure 5-18: Comparative strain time history for the strain gage in Figure 5-9
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Figure 5-19: Comparative strain time history for the strain gage in Figure 5-11

5.4 Summary
In this section, the results of the crash testing of the two post anti-ram bollard system
were presented. The barrier succeeded with a P1 rating after undergoing significant inelastic
deformations to dissipate the impact energy of the test vehicle. First, filtered experimental data
from the crash test was presented for three representative strain gage locations. Next, the data
output procedure for the finite element strains was outlined. The computational data was output
and compared to the experimental crash test data at the same representative strain gage locations.
The data was output in the form of strain time histories, strain rates, and strain energy, which the
integral of the strain time history. These results are further analyzed in Chapter 6, where the finite
element model is calibrated against experimental data.
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Chapter 6
Model Calibration

6.1 Overview
In this chapter, the initial finite element model of the two post anti-ram bollard system is
calibrated against experimental data from the crash test discussed in Chapter 3 and presented in
Chapter 5. The model calibration was a collaborative process involving members of the research
team. Calibration details have been presented elsewhere (O’Hare et al., 2013). Before any model
calibration could take place, modifications were made to address inadequacies in the finite
element model that affected impact loads and material response. These initial updates were to
improve the impact vehicle model and to complete material property evaluations for the steel
material models. Next, the model was calibrated to determine values for any parameters that were
uncertain or not specified in the literature. Criteria for model calibration should collectively
evaluate both global and local measurements in the finite element model. For example, matching
peak strains at a single location in the anti-ram bollard system is not beneficial if it causes the
vehicle to penetrate significantly more or less than was observed in the crash test. Therefore, the
following values were compared and used to calibrate the finite element model:
1. Impact vehicle dynamic penetration distance,
2. Peak strain at gage locations, and
3. Strain energy at gage locations.
These values were compared to improve and calibrate the finite element model. Any
necessary updates to the model based upon its accuracy were broken into separate portions to
address any perceived shortcomings in the simulation. While both global and local data was used
for each step in the calibration process, changes were made to large-scale, global parameters
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initially followed by changes to parameters that were associated with more localized aspects of
the finite element model response. The large-scale calibration focused on improving predictions
of foundation-soil interaction and global rotation of the anti-ram system. Next, a calibration
assessment was performed that analyzed inputs for contacts in LS-DYNA, used to simulate
interaction of model components, and on material models, which represented the material
response of steel, concrete, and soil in the model. The influence of these variables first examined
using a sensitivity study to determine the effect that each had on the finite element model results
and to establish which model variables significantly improved model agreement with actual test
data. The justified parameters were then modified to garner further agreement between the finite
element model and experimental data.

6.2 Initial Model Updates

6.2.1 Impact Vehicle Model
After the initial model was evaluated, it became apparent that some shortcomings in the
vehicle model had to be addressed. Initially, the barrels containing ballast that added mass to the
impact vehicle, which were created using solid elements, were fixed to the bed of the truck with
rigid contacts. In the actual crash test, these barrels were ejected from the truck during impact.
The rigidly attached barrels were inaccurately imparting more kinetic energy to the barrier due to
the mass remaining fixed to the vehicle throughout the impact event. In the crash test, ballast
weight accounted for 30% of the total weight of the impact vehicle, which was a significant
amount of additional energy to dissipate (PTI, 2011). It was also observed in the crash test that
the ejected ballast barrels helped crushed the cab of the truck, which could contribute to a greater
penetration by the bed of the truck relative to the anti-ram barrier. To address these problems,
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each barrel was included in the single surface contact for the vehicle. This prevents penetration of
the ballast barrels with other barrels or any other part of the vehicle model. Straps were added,
using non-linear, discrete, tension only cable elements, to simulate the attachment of the barrels
in the crash test and to keep the barrels on the truck bed leading up to the impact (LSTC, 2007).
Additionally, material models in the initial NCAC flatbed truck model had no input
failure strains related to fracture of individual truck components. This allowed certain
components in the vehicle to continue yielding and absorbing energy when they would have
failed in an actual collision. To make the failure of individual vehicle components more realistic,
a failure strain was added to all truck parts. The failure strain was set to 0.35, which is an
approximate value for the steel, aluminum, and composite components. Another update to the
finite element truck model was a revolute joint constraint to permit wheel rotation. With a
revolute joint constraint, two nodes are created and used to define an axis of rotation, in this case
through the center of the truck wheels. Four revolute joints were used, one for each wheel
location. The wheels were given the appropriate initial rotational velocity for the specified test
vehicle moving at 80.5 kph (50 mph), which is approximately 60 radians per second. An
isometric view of the improved truck model is shown in Figure 6-1.
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Figure 6-1: General view of the improved finite element truck model

6.2.2 Material Property Evaluation
In the initial finite element model, the material used for the steel members in the anti-ram
system was Material Type 24. Since no stress-strain curve had been input for the material in the
initial model, Material Type 24 utilized a default, bilinear stress-strain curve. This simplified,
elasto-plastic stress-strain relationship may not have been accurately representing the steel
material response throughout the collision. A common discrepancy between the finite element
model and the experimental data was that elastic recovery was more evident in the experimental
device than in the finite element model. To improve the material response, more accurate stressstrain relationships for the material model needed to be established via material property testing.
The specification used for the material property testing was ASTM E8: Standard Test
Methods for Tension Testing of Metallic Materials (ASTM, 2012). This document specifies
specimen dimensions and appropriate testing equipment, instrumentation and evaluation
procedures used for tension testing. Five standard sheet-type coupons were fabricated to test both
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the A500 Gr. B steel used for the HSS members and the A36 steel used for the plate members. A
general view of the tensile testing setup, which utilized an extensometer to measure deformations
during testing, is shown in Figure 6-2.

Specimen

Grips

Extensometer

Figure 6-2: Tensile testing setup

The specimens were loaded to tensile fracture, which allowed the entire stress-strain
curve to be determined for each type of steel. True strain and engineering stress data was
averaged to produce a single curve for each steel type, shown in Figure 6-3. As expected, the
A500 Gr. B steel was stronger, but less ductile than the A36 steel.
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Figure 6-3: Averaged raw data from material testing of A36 and A500 Gr. B steel

There were two modifications that must be made to the above stress-strain curves before
they were applied to material models in LS-DYNA. First, engineering stress was converted to
true stress, using the following equation.
σtrue = σeng(1+ εeng)

(6-1)

where εeng is engineering strain, σtrue is true stress and σeng is engineering stress (ASM
International, 2004). Second, it is a requirement for Material Type 24 that the curves must have
increasing slopes throughout for the finite element solution to converge. To accomplish this, any
small negative slope region in the stress strain curve was replaced with an interpolated
relationship between the points before and after the negative slope region. This is a common
practice for the input of stress-strain curves in LS-DYNA for Material Type 24 in impact
applications. The updated curves that were imported into the material model in LS-DYNA are
shown in Figure 6-4.
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Figure 6-4: True stress-strain curves for A36 and A500 Gr. B steel in LS-DYNA

6.3 Foundation-Soil Interaction
Another shortcoming in the initial finite element model was interaction between the
foundation and soil. In the initial model, the coefficient of friction between the soil and
foundation had to be set to 1.0 to give an accurate global response, a value that was known to be
unrealistically high. The need to use this high coefficient of friction was attributed to interface
roughness between the foundation and soil, concrete-soil bonding, and the global behavior of the
anti-ram system. The as-built condition of the foundation was quite different from the smoothedged, friction only contact that originally was used to model the boundary between the
foundation and soil. Since formwork was not used when pouring the foundation in the crash test,
the boundary between the foundation and soil was rough. This condition allowed for the concrete
to mechanically interact with the surrounding soil, which enhanced compatibility at the interface.
The foundation was also cut out from an existing concrete slab at the testing site. This concrete
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slab confines the soil and could cause a significantly different response than the originally
modeled, soil only boundary.
To more closely establish the bond between the foundation and soil as observed from the
crash test, contact between the foundation and surrounding soil was changed to a surface to
surface tiebreak. This is a two way contact that constrains nodes in place until a certain failure
criterion is reached (LSTC, 2007). This failure criterion was set to be a failure shear stress at the
boundary between the soil and foundation. After the failure stress is reached, the contact acts as
any other contact with a user defined coefficient of friction of 0.6, which is an appropriate value
for the interface between concrete and soil (Beek, 1995). This friction value, as well as the
tiebreak shear strength, is discussed in the parametric study section. Additionally, a 5.1 cm (2 in)
concrete slab made up of solid elements was added on top of the soil to represent confinement
provided by the concrete slab in the as-built condition.
Despite these changes, the foundation-soil interaction was not matching the response of
the system in the experimental crash test; significantly more global rotation was observed in the
finite element model than in the crash test, as shown in Figure 6-5. ASTM F2656-07 (ASTM,
2007) specifies that test barriers requiring embedment in soil must be surrounded by well-graded,
low-cohesive crushed stone or broken gravel. The soil must meet specific gradation requirements,
and may be compacted to a certain percentage of the maximum dry density.
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Figure 6-5: General view of model barrier global rotation compared to the post-impact device

In accordance with a low-cohesive well-graded gravel that was used in the experimental
crash test of the anti-ram device, a realistic range of soil properties were selected to be examined
in the finite element model (Das, 2006). The soil’s bulk modulus for compacted gravel or crushed
stone as used in the test could be as high as 900 MPa (130 ksi), with a low cohesion value. Using
the allowable ranges of properties, a qualitative calibration was completed for the soil’s cohesion,
angle of dilation, and bulk modulus, which are inputs for the Mohr Coulomb (Material Type 179)
constitutive material model used for the soil. Global rotation at the completion of each model
iteration was measured by tracking the vertical displacement of nodes on the front edge of the
foundation. Because very little global rotation was observed in the crash test of the two post antiram structure, the soil was stiffened within the allowable limits for the specified soil to minimize
the global rotation of the system. The updated soil properties utilized a bulk modulus of 750 MPa
(109 ksi) and a cohesion value of 4.8 kPa (0.696 psi).
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6.4 Sensitivity Study
In an LS-DYNA finite element model, the material model, contact, constraint, boundary
condition, and element type are all variables that can be adjusted to improve results. Due to the
sheer quantity of possible variable combinations and ranges, an important initial step with
quantitatively calibrating a finite element model is identifying which items are of most
importance with respect to model adequacy.
Finite element variables that are well defined by the literature should not be modified.
Additionally, any variables that can be accurately measured, such as concrete strength on the day
of testing, material inputs from steel coupon testing, and measured impact vehicle speed, should
not be changed. For the barriers that were examined here, model boundary conditions were
mostly prescribed or recommended by previous research. In addition, the contact types were
established from the literature, but most of the coefficients of friction initially used were nominal
values. The constitutive material models initially selected were recommended from previous
work, and steel material property inputs were upgraded with steel tensile testing data. The rigid
boundary used to keep the impact vehicle on grade through the collision also has a coefficient of
friction value that may be modified. Taking the aforementioned criteria into account, the
following variables were examined:


Steel-to-steel contact friction,



Impact-vehicle-to-barrier contact friction,



Foundation-to-soil contact friction,



Vertical-tube-to-foundation contact friction,



Embedded-tube-to-foundation friction, and



Embedded-tube-to-foundation tiebreak stress.
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Before modifications to any model variables were made, a sensitivity study was
completed to determine the significance of each parameter. This helped to establish an order of
importance for the calibration variables. In the sensitivity study, each variable was given an
excessively high and low value to determine how each affects finite element model accuracy. The
high and low values were established by increasing or decreasing each initial variable value by an
order of magnitude. This was anticipated to provide a ranking system related to the significance
of each variable with respect to one another. For the initial sensitivity study, data was output from
each model in the form of bollard displacements, impact vehicle dynamic penetration, and peak
strains at representative gage locations. The output data was compared to the initial, control
model output to determine the sensitivity of each parameter.
After the sensitivity study was completed, the change in each output parameter was
determined by normalizing each extreme value to a control case, which consisted of taking the
difference between the extreme and control cases and dividing them by the control case. These
normalized values helped to put the six calibration variables in a preliminary order of importance
as follows:
1. Embedded-tube-to-foundation tiebreak stress,
2. Embedded-tube-to-foundation friction,
3. Steel-to-steel contact friction,
4. Impact-vehicle-to-barrier contact friction,
5. Foundation-to-soil contact friction, and
6. Vertical-tube-to-foundation contact friction.
However, study of the results revealed that some of these values could be relocated or combined
in the ranking list or removed completely. The vertical-tube-to-foundation contact friction was
found to be the least significant variable and the horizontal-tube-to-foundation contact was used
to model the same mechanism. Therefore, the vertical-tube-to-foundation contact friction value

78
was merged with the horizontal-tube-to-foundation friction value and used a single coefficient of
friction.
In addition, the foundation-to-soil contact friction value was found to be comparatively
insignificant. This friction value is only relevant if the foundation-to-soil tiebreak failure stress is
reached. Since no global rotation of the foundation was observed during experimental crash
testing of the anti-ram device as discussed in Section 6.3, the friction between the foundation and
surrounding soil should not be considered significant. Therefore, the foundation-to-soil contact
friction was as assumed to be insignificant as long as the foundation-to-soil tiebreak value was
not reached during the impact event.
One of the most significant model variables was the embedded-tube-to-foundation
tiebreak stress. This tiebreak was made to represent the chemical bond between the outside of the
steel members and the foundation concrete. When the tiebreak stress was increased to an
unrealistically high value, the bond strength was not exceeded and divergence in the finite
element model output resulted. This was causing the tiebreak stress value to appear much more
significant than it would be if the results did not diverge. Whenever the tube-to-foundation
tiebreak stress was a low enough value that the results did not diverge, it had minimal effect on
the model’s results. Therefore, as long as the tiebreak stress was low enough to not cause
divergence in the model results, the embedded-tube-to-foundation tiebreak variable was not
evaluated in the calibration parametric study.
After the previously discussed changes were made, three finite element model variables
remained to be evaluated during the remainder of the calibration process:
1. Embedded-tube-to-foundation contact friction,
2. Steel-to-steel contact friction, and
3. Impact-vehicle-to-barrier contact friction.

79
Since only these three coefficients were deemed significant, and coefficients of friction are
somewhat well defined, a small parametric study was conducted to calibrate these variables in the
finite element model.

6.5 Calibration Parametric Study
Before the parametric study could be conducted, realistic bounds for the friction
coefficients had to be established. To accomplish this, standard coefficient of friction values were
established for steel-to-steel friction, steel-to-concrete friction, and steel-to-aluminum friction
from the literature. Because it is recommended to use the same static and dynamic coefficient of
friction in high strain rate simulations (LSTC, 2007), only static coefficients of friction were
used.
Because friction values are inherently variable due to a multitude of factors, a variety of
different values for similar materials are reported in the literature. For steel-to-steel friction, the
lowest reported coefficient was 0.3, while the highest was 0.6 (Blau, 1996; ASM International,
1992; Seway, 1995; Grigoriev et al., 1997). The lowest steel-to-concrete coefficient of friction
researched was 0.4, and the highest was 0.7 (Rabbat, Russell, 1985; ACI, 2000; PCI, 1999).
These limits were applied as the low and high limits for the steel-to-steel and tube-to-foundation
friction coefficients.
The coefficient of friction for the vehicle-to-barrier contact was significantly more
complex than the other values. The vehicle is made up of a combination of aluminum, steel and
other materials, while the barrier is made of steel and covered with a sign made of sheet metal,
acrylic, and steel. Because much of the vehicle’s cab and the sign placed over the barrier crushed
together in the crash test, there was more roughness at the vehicle-barrier interface than smooth
aluminum sliding on smooth steel. The range of friction coefficients found in the literature for
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aluminum-to-steel interface was between 0.45 and 0.61 (Blau, 1996; ASM International, 1992;
Seway, 1995; Grigoriev et al., 1997); however, due to the roughness at the vehicle-barrier
interface, values higher than 0.61 are possible. The upper limit was established from UFC 4-02202: Selection of Application of Vehicle Barriers (UFC, 2009). The highest vehicle-to-barrier
coefficient of friction the UFC standard allows for is 1.0, which was used as the upper limit for
the calibration parametric study.

Table 6-1: Friction Coefficients Used in Calibration Parametric Study
Lower Bound

Middle Value

Upper Bound

Steel-to-Steel

0.3

0.45

0.6

Tube-to-Foundation

0.4

0.55

0.7

Vehicle-to-Barrier

0.45

0.75

1.0

With friction limits established, output data relevant to model calibration needed to be
determined. To avoid faulty or negligible experimental strain values, any gage location where the
gage did not survive impact, or where the maximum strain didn’t exceed 2% of yield was not
used for the parametric study. The 2% limit was used to eliminate strain gage locations where the
gage saw extremely low values of elastic strain. The low strains could make small differences
between the experimental strain data and finite element model data appear as disproportionately
large changes when compared to low experimental strains. This resulted in five gage locations
that were used to compare the effects and interactions between the three coefficients of friction in
the finite element model. These five critical strain gage locations are shown in Figure 6-6.

Front and Back
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Top and Bottom

Figure 6-6: View of the five critical strain gage locations used in the calibration parametric study

In addition to localized strain data for each combination of parameters, a global response
quantity was required for the parametric study output, preferably one that captures vehiclestructure interaction throughout the impact. The obvious choice would be the dynamic
penetration as specified by ASTM F2656-07: Standard Test Method for Vehicle Crash Testing,
which is measured from the corners of the bed of the impact vehicle. However, there was
considerable variability in that measurement, since this test was an asymmetric impact.
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Additionally, the only available crash test data for the dynamic penetration is a maximum value,
not a time history. To get a time-dependent measurement for vehicle penetration between models,
a point tracking program was applied to the high speed video of the crash test. A point on the
door of the vehicle was chosen and tracked, while a similar node in the finite element models was
also tracked throughout impact. The comparison of the point locations in the video and finite
element model are shown in Figure 6-7.

Figure 6-7: Comparison point on vehicle selected for penetration displacement output

Six quantities were output from each model and included the strain time histories of the
five relevant stain gage locations and the displacement time history of the point shown in Figure
6-7. Using this data and a Matlab program, percent differences (see Equation 5-1) were calculated
between the model and experimental data for the maximum strain value, minimum strain value,
total integrated strain value, and maximum penetration of the selected point on the truck. The
percent differences for each combination of friction parameters were summed to determine which
of the 27 combinations exhibited the best agreement between the finite element model and the
crash test. Because the remaining three friction coefficients were the only significant, uncertain
values left in model, the goal was to minimize the difference between the experimental data and
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finite element model. Additionally, since the tested coefficients were within realistic bounds
determined from the literature, whichever combination of the three values gave the least
combined percent difference between the model and crash test data would be implemented into
the calibrated finite element model. Plots showing the comparisons used in the calibration
parametric study, as well as percent differences, are shown in Appendix B. A representative plot
comparing experimental strain data to theoretical strain values obtained in the 27 parametric
models is shown in Figure 6-8.The combination with the lowest combined percent difference
from the variables in Table 6-1 was the middle value for steel-to-steel friction (0.45), the middle
value for steel-to-foundation friction (0.55), and the high value for vehicle-to-barrier friction
(1.0). These final changes were applied to the calibrated finite element model.

Figure 6-8: Representative time history comparing experimental and model strain values
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6.6 Calibration Results
In the calibrated finite element model of the anti-ram bollard system, the maximum
dynamic penetration of the impact vehicle was -0.54 meters (-1.77 ft), compared to -0.24 meters
(-0.79 ft) in the crash test. This was improved from a dynamic penetration of -1.07 meters (-3.51
ft) in the initial finite element model. Note that a negative penetration measurement means that
the lower leading edge of the truck’s bed did not cross the pre-test reference point at the back
edge of the bollards as shown in Figure 3-1. The impacted bollard displaced 0.88 meters (2.89 ft)
in the direction of impact in the calibrated finite element model, compared to 1.18 meters (3.87 ft)
in the crash test.
Results from the model calibration at the representative strain gage locations outlined in
Sections 5.2.3 and 5.3.3 are presented here. The first representative strain gage location, the front,
and right side of the top transverse plate member, showed some improvement in association with
the calibration process. The gage location is shown in Figure 5-7 and the updated comparative
strain time history is shown in Figure 6-9. As shown in Figure 5-15, the peak experimental strain
was 11,497 microstrain (με), compared a peak strain in the initial model of 8,755 με. This led to a
percent difference between the strains of 23.8%, as calculated by Equation 5-1. Modifications
made to the finite element model discussed in Sections 6.1 through 6.5 increased the model’s
peak strain in this location to 11,784 με, for a percent difference of 2.5%. Many of the strain
gages showed similar improvement after the calibration changes. However, a lack of elastic
rebound of the steel in the finite element model was still evident. This could be due to inaccurate
simulation of permanent set in the constitutive material model, or the elastic rebound of vehicle
model components. Comparative strain time histories from the updated model for the functional
strain gage locations can be found in Appendix C.
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The representative strain gage location on the bottom flange of the horizontal HSS
member initially discussed in Section 5.2.3 is shown in Figure 5-18. This gage showed beneficial
improvement due to the calibration process described in this chapter. The comparative strain time
history for this strain gage is shown in Figure 6-10. In the initial model results, this location
initially registered a maximum compressive strain of 822 με, that was opposite to the peak
experimental strain of 374 με reported from the experimental data and provided an excessive
percent difference of -319%. The model calibration updates caused the strain at this location to be
a tensile strain of 661 με, which reduced the percent difference to 76.8%.
The final representative strain gage location, on the web of the horizontal HSS member,
is shown in Figure 5-11. The comparative strain time history for the updated model is shown in
Figure 6-11. The initial finite element model recorded a strain of 43.2 με in this location,
compared to an experimental value of 303 με. This equated to a percent difference of -85.8%, as
shown in Figure 5-19. The updated model registered a strain of 507 με, for a percent difference of
66.9%. It is worth noting that the peak strains in some locations, like on the web of the foundation
members, registered strains well below yield. However, the representative strain locations were
chosen to compare material response a variety of locations on the anti-ram bollard system. For
comparative time histories for all gage locations, see Appendix C.

Figure 6-9: Comparative strain time history for the strain gage in Figure 5-7
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Figure 6-10: Comparative strain time history for the strain gage in Figure 5-9
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Figure 6-11: Comparative strain time history for the strain gage in Figure 5-11

6.7 Summary
In this section, the finite element model was calibrated against experimental crash test
data. First, the initial updates of the finite element model were completed to improve the finite
element model. These initial changes included updating the finite element impact vehicle model
and upgrading the material models with tensile testing data. Next, the foundation-soil interaction
parameters were investigated to simulate a more realistic response in the finite element model.
The remaining uncertain model parameters were investigated by completing a sensitivity study,
followed by a parametric study for various coefficients of friction in the model. Once the finite
element model calibration was completed, the updated model could be used to assess the
effectiveness of various arrangements of above grade load sharing members in the anti-ram
system.
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Chapter 7
Load Sharing Member Evaluation

7.1 Overview
Once a calibrated finite element model of the two post anti-ram system was created, it
served as the baseline from which subsequent above grade load sharing member configurations
were developed and studied. To accurately assess the effectiveness of different load sharing
member designs in an anti-ram system, parametric of models of anti-ram bollard systems were
created. The models varied load sharing member cross sections and configurations to determine
beneficial design features for load sharing members in anti-ram systems. The focus was on above
grade load sharing members only.
Because the load sharing members primarily act as tension members to engage more of
the anti-ram system, trial member cross sections were selected from commonly available steel
member shapes. The members were selected based on practical limitations (e.g. cost, ease of
fabrication, permissible member hole geometry), structural design principles, and failure modes
prescribed by The American Institute of Steel Construction’s (AISC) Steel Design Manual, 14th
Edition (AISC, 2011). The trial members were evaluated based on their effectiveness at limiting
dynamic penetration of the impacting vehicle, their ability to efficiently engage the non-impacted
bollard to dissipate impact energy and, finally, estimate their cost to determine the most beneficial
design.
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7.2 Load Sharing Member Configurations
To assess how different numbers of above-grade load sharing members affect the
efficiency of the anti-ram system, two different configurations were examined to evaluate their
effectiveness. Configuration 1 utilized three horizontal load sharing members to spread member
stiffness along the height of the anti-ram bollards. This was similar to the configuration of load
sharing members in the tested two post anti-ram system described in Chapter 3. While the
configuration was the same as the tested anti-ram system, the member sizes and cross sections
were varied to investigate the efficiency of different load sharing members. A general view of
Configuration 1 is shown in Figure 7-1.

Figure 7-1: General view of the finite element layout of Configuration 1

Configuration 2 was used to investigate if load sharing is more efficient with a single
member bolted at the top of the vertical bollards. Configuration 2 was similar to Configuration 1,
but consists of a single horizontal member, which concentrates the member stiffness at the top of
each bollard as shown in Figure 7-2. This uses less material and consolidates all of the member
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strength and stiffness at the location where the bollards are free to displace, which could improve
the energy dissipation in the structural system. Since the single member in this configuration was
located at the top of the anti-ram system, it could avoid the local failures experienced by the load
sharing members that were directly impacted by the truck elements.

Figure 7-2: General view of the finite element layout of Configuration 2

7.3 Load Sharing Member Cross Sections
In addition to varying load sharing member configurations, member cross sections were
considered during load sharing member evaluation. Selection of trial member cross sections was
based on engineering principles, practical considerations and AISC steel design criteria.
Adjustment of the trial member cross sections was based on AISC limit states and sections were
chosen so that they are controlled by separate or interacting failure modes. By representing
multiple limit states during the design iterations, trial members were representative of a range of
possible failure modes in the steel members under high speed impact.
Even though load sharing members primarily act as tension members to engage the nonimpacted bollard, the members could also experience bending, shear, torsion, and localized
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failure during impact. Due to the possibility of complex biaxial loading resulting from the impact,
and to avoid errors in construction such as incorrect member orientation or penetration hole
geometry, trial members were restricted to doubly symmetric sections. Typical tension member
sections that are doubly symmetric include: round bars, round and square HSS tubes, flat plates
and W-shapes. Common W-shape sizes are impractically large to fit in the already selected
vertical bollards and would make fabrication of the device more complicated. Due to these
considerations, square HSS members and solid round bars were evaluated in addition to steel
plates as above-grade load sharing members.
Initial member sizes were determined by evaluating applicable AISC limit states to
determine the most efficient cross sections. Because of the high combined loads and multiple
member failures that could occur during a vehicular impact, the member size for each iteration
corresponded to a controlling limit state for that member in the calibrated finite element model.
Internal member forces used to help size trial members were taken from the calibrated finite
element model discussed in Chapter 6. The AISC limit states that were used to initially size the
trial load sharing members are:


Gross Section Yielding,



Net Section Fracture,



Flexural Yielding, and



Shear.

While it seems that AISC’s interaction equations in Chapter H would be applicable to determine
combined load effects, these equations were created based on elastic range behavior, which is not
a legitimate assumption when designing for high speed impact. Additionally, the AISC limit
states were used to ensure that different failure modes were present in separate load sharing
member preliminary designs and were not viewed as methods to achieve comprehensive designs
for the members. The possibility of concurrent failure modes in load sharing member designs is
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addressed in Section 7.4. These limit states are summarized in Table 7-1 as they applied to this
study.
Table 7-1: Relevant limit states for load sharing members (AISC, 2011)
Plate Member
Fy = 248 MPa (36 ksi)
Gross
Section
Yielding
(Sec. D2)

HSS Member
Fy = 317 MPa (46 ksi)

Round Bar
Fy = 248 MPa (36 ksi)
4

b = plate depth
t = plate thickness
Fy = yield strength for A36
steel

Ag = gross area of HSS cross
section
Fy = yield strength for A500
Gr.B steel

Fy = yield strength for A36
steel

Fy = yield strength for A36
steel
An = net area as defined in
AISC B4.3
U = shear lag factor

Fy = yield strength for A500
Gr.B steel
An = net area as defined in
AISC B4.3
U = shear lag factor

Fy = yield strength for A36
steel
An = net area as defined in
AISC B4.3
U = shear lag factor

D = bar diameter

Net Section
Fracture
(Sec. D3)

Flexure
4

(Sec. F7, F11)

Fy = yield strength for A36
steel
b = plate depth
t = plate thickness

Shear
(Sec. G2)

0.6
Fy = yield strength for A36
steel
b = plate depth
t = plate thickness
Cv = web shear coefficient

6
Fy = yield strength for A500
Gr.B steel
Z = plastic section modulus

0.6
Fy = yield strength for A500
steel
Ag = gross area of HSS cross
section
Cv = web shear coefficient

Fy = yield strength for A36
steel
D = bar diameter

0.15
Fy = yield strength for A36
steel
Cv = web shear coefficient
D = bar diameter

Flexural yielding was the only applicable flexural limit state for the plate members in this
study, since lateral torsional buckling does not apply for steel plates in weak axis bending,
according to AISC Section F11.2 (AISC, 2011). For HSS members in flexure, local buckling was
applicable in addition to flexural yielding, as stated in AISC Section F7 (AISC, 2011). However,
local buckling is not applicable for compact sections and any HSS cross section proposed as an
above grade load sharing member in the anti-ram system was compact. Flexural yielding is a
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function of yield strength and plastic section modulus as defined in AISC Section F11 (AISC,
2011).
To establish the shear capacity of the steel plate members, AISC Section G7 (AISC,
2011) was used. The bolts on the load sharing members in this study were assumed to be in a line
perpendicular to the tensile force, as shown in Figure 7-3. Therefore, block shear was deemed not
applicable to the shear limit state.

A490 Bolts

Load Sharing Plate

Vertical Bollard

Figure 7-3: Connection detail between load sharing plates and vertical bollards

The strength of each member type was evaluated and compared to the maximum internal
forces experienced by the load sharing members in the finite element model during vehicular
impact. Preliminary member strength calculations were completed to determine the controlling
AISC design limit states. While completing the preliminary calculations, it became apparent that
the plate member was controlled by tension and flexure, the HSS member was controlled by
tension and shear and the round bar was controlled by tensile failure. Because of this, each
member type and configuration combination had three trial member sections designed, one for
each of the two controlling limit states, and one for a combined failure. This allowed for a variety
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of member responses within the anti-ram system and evaluates all member types under different
failure modes. Since only the diameter can be modified on a solid, round bar, it cannot be
designed for separate failure modes. For this reason, the round bar cases were controlled by
tensile yielding and net section fracture, and had one size per configuration. A flowchart
describing the trial member design combinations is shown in Figure 7-4.

Figure 7-4: Flowchart describing trial member design process
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7.4 Load Sharing Member Designs
To start the load sharing member design process, maximum internal member forces were
taken from the calibrated finite element model of the anti-ram bollard system during the vehicle
impact. The internal member forces from the calibrated finite element model are shown in Table
7-2. These member forces were used to design trial load sharing members that were controlled by
varying failure modes as defined by AISC. There were fourteen load sharing member designs,
which will each be tested under simulated vehicle impact in the calibrated finite element model.

Table 7-2: Design member forces from calibrated finite element model
Configuration 1

Configuration 2

Pu

855.4 kN (192.3 k)

1407.9 kN (316.5 k)

Vu

241.1 kN (54.2 k)

351.0 kN (78.9 k)

Mu

686.7 kN‐m (506.5 k‐ft)

1280.4 kN‐m (944.4 k‐ft)

Using criteria from AISC’s Steel Construction Manual (AISC, 2011), each case was
evaluated for the four limit states shown in Table 7-1. The load sharing members were designed
according to the flowchart in Figure 7-4 so that multiple failure modes, configurations, and
member types could be evaluated. The fourteen load sharing member designs that resulted, as
well as their identifying designations, are represented in Table 7-3. As an example, the
Configuration 1 plate member controlled by tensile failure would be abbreviated as: Plate_C1_T.
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Table 7-3: Load sharing member designs and abbreviations
Section

Configuration/Failure Metric
T

152.4 mm x 25.4 mm

6 in x 1 in

C

254 mm x 15.9 mm

10 in x 5/8 in

F

355.6 mm x 12.7 mm

14 in x 1/2 in

T

152.4 mm x 38.1 mm

6 in x 1-1/2 in

C

254 mm x 22.2 mm

10 in x 7/8 in

F

457.2 mm x 15.9 mm

18 in x 5/8 in

T

76.2 x 127 x 6.4

3 x 5 x 1/4

C

101.6 x 101.6 x 6.4

4 x 4 x 1/4

S

5 x 3 x 3/8

T

127 x 76.2 x 9.5
76.2 x 127 x 12.7

C

101.6 x 101.6 x 12.7

4 x 4 x 1/2

S

152.4 x 76.2 x 12.7

6 x 3 x 1/2

C1

63.5 mm Ø

2-1/2 in Ø

C2

88.9 mm Ø

3-1/2 in Ø

C1
Plate
C2

C1
HSS
C2

Bar

English

3 x 5 x 1/2

A few interesting trends can be noted from the member designs. The first and most
obvious was that the sections were larger for the Configuration 2 designs, since the applied forces
are higher due to the absence of additional members to help carry the load. As expected for plate
members, thicker and shallower sections experienced axial failures while thin and deep plates
experienced flexural failures. For HSS members, shear failures are more of a concern due to
AISC provisions that only allow the HSS webs to resist shear. For this reason, rectangular HSS
members with long webs parallel to impact resist shear more effectively, while members with
greater wall thicknesses and cross sectional areas resist tensile yield and net section fracture.
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7.5 Model Construction
Once the 14 load sharing member designs were completed, finite element model
construction for each was initiated. Proportions for the impact vehicle, foundation, horizontal
HSS members, and vertical bollard members were kept constant throughout all of the models.
The plate and HSS members were modeled with shell elements and the round bar members were
modeled with beam elements. The load sharing member designs were modeled following the
dimensions shown in Table 7-3, with standard holes cut in the vertical bollards. Standard holes as
defined by AISC are cut 1.59 mm (1/16 in) around the outline of each member and were selected
to avoid constructability issues with smaller tolerances in every tested anti-ram device. The load
sharing members were attached to the vertical bollards with “Spotweld” nodal constraints, which
simulate bolts in similar fashion the original two post anti-ram model. Similar constraints were
used in the initial model and are described in Section 4.2.
In similar fashion to the original finite element model of the two post anti-ram system,
the shell elements in the plate members used a discretization level of 25.4 mm (1.0 in). The
centerline of each member was aligned at the same elevation as the centerlines of the load sharing
members in the original anti-ram device (as shown in Figure 7-5), except for one case, the
Plate_C2_F case. For this case, the plate had to be very deep and slender to force the governing
limit state to be a flexural limit state. For this reason, the neutral axis of the plate was lowered
50.8 mm (2 in) to accommodate for the deep section, as shown in Figure 7-6. General views of
each load sharing member design’s cross section and layout are shown in Appendix D.
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Figure 7-5: Elevation view showing typical load sharing member centerlines

Figure 7-6: Elevation view showing case Plate_C2_F with relocated centerline
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7.6 Design Goals
Because the studied load sharing members are integral parts of the tested anti-ram
structural system, minimization of member weight and cost should not be the only design goals.
As stated in Section 3.2, the success of an anti-ram system design is based on its ability to stop an
impacting vehicle within a specified penetration distance; therefore, minimization of vehicle
penetration was a design goal for this study. Minimization of both vehicle penetration and
member cost were used to assist with determining the efficiency of load sharing member designs.
To reiterate, the goal for this study was for the device to obtain a penetration rating of P1, as
defined by ASTM F2656-07 (ASTM, 2007). The vehicle penetration data is presented in Section
8.4.
Another design goal was to improve the effectiveness of each design’s load sharing
capabilities. Since only one bollard in the two post anti-ram system was impacted in each test, the
success of the load sharing members can be evaluated by the amount of the impact load that was
transferred to the non-impacted bollard. The amount of load sharing was first evaluated by
investigating the displacements of the bollards in an attempt to find the most effective load
sharing mechanism, which is presented in Section 8.2. Additionally, the amount of load transfer
was investigated by observing the moment at the bases of the impacted and non-impacted
bollards to determine the load sharing effectiveness of each subsequent design. The bollard
moments are presented in Section 8.5
An additional design concern was the global rotation of the impact resisting system. A
critical part of the anti-ram barrier design process was accurately accounting for the site boundary
conditions, as discussed in Section 6.3. Matching the boundary conditions between the test site,
finite element model, and future design site can be challenging (Chunlin et al., 2008). A failure
caused by the global rotation of the entire anti-ram system is a significant concern to designers.
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Therefore, the global rotation of the two post system was to be minimized in the finite element
modeling process. The global rotation evaluation of the anti-ram device is presented in Section
8.3.

7.7 Summary
This section presented the methodology for determining the steel member cross sections
that were used as load sharing members in the calibrated finite element model of the anti-ram
bollard system. Load sharing members were selected based on practical limitations, structural
design principles, and failure modes prescribed by AISC’s Steel Design Manual. It was
determined that two different load sharing configurations would be evaluated to investigate how
changing the number of members along the height of the bollards would influence the structural
system.
Steel plates, square HSS, and round bars were used as load sharing member cross
sections in this study and were evaluated for gross section yielding, net section fracture, flexural
yielding, and shear. In all, fourteen separate load sharing member cases were designed and
evaluated in the calibrated finite element model. The anti-ram system designs would be subjected
to simulated impacts, with the goal of limiting the dynamic penetration of the vehicle. The
effectiveness of each design’s load sharing capabilities would be evaluated by investigating
bollard displacements and base moments. Additionally, the potential of the system to globally
rotate would be minimized.
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Chapter 8
Results and Discussion

8.1 Overview
The results of the load sharing member evaluation are presented in this section. In
accordance with the design goals explained in Section 7.6, the following values will be presented
from each of the fourteen load sharing member design models:


Displacements at the top of each bollard;



Global rotation of the anti-ram system;



Impact vehicle dynamic penetration;



Moments at the base of the bollards; and



Cost comparisons between load sharing designs

These quantities will be utilized to determine the effectiveness of each load sharing member
design and make recommendations for future devices. General views of each anti-ram model both
before and after impact can be found in Appendix D.

8.2 Bollard Displacements
To evaluate the load sharing mechanisms for each member design in the anti-ram bollard
system, bollard displacements for each of the fourteen designs were considered. Bollard
displacements were measured at nodes at the top of each bollard on the protected side. The
displacements were taken for the impacted and non-impacted bollard both parallel and
perpendicular to impact. A plan view of the locations and directions of the displacement
measurements is shown in Figure 8-1. The displacements of the impacted bollard parallel to
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impact are shown in Figure 8-2, while the impacted bollard displacements perpendicular to
impact are shown in Figure 8-3. The chart in Figure 8-3 is rotated so that the bars are aligned with
the perpendicular displacements.

Figure 8-1: Plan view diagram of bollard displacements

Figure 8-2: Displacements at the top of the impacted bollard parallel to impact
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Figure 8-3: Displacements at the top of the impacted bollard perpendicular to impact

As shown in Figure 8-2, impacted bollard displacements ranged from 68.2 cm (26.9 in) to
95.5 cm (37.6 in) in the direction of impact. It was immediately apparent that the load sharing
member cases using plates produced higher bollard displacements in the direction of impact than
those with HSS members. On average, the top of the bollard displaced 90.3 cm for plate load
sharing member cases and 74.4 cm for HSS load sharing member cases. This was most likely due
to the additional bending resistance of the HSS members, lending resistance to the impacted
bollard. The flexural stiffness provided by the HSS members allow the system to act as a
stiffened frame, which limits the maximum deflection parallel to impact for HSS member cases.
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The displacements perpendicular to impact showed a similar trend. The average impacted
bollard displacement perpendicular to impact was 13.8 cm (5.4 in) for plate load sharing member
cases and 5.4 cm (2.1 in) for HSS load sharing member cases. This was most likely due to the
additional axial stiffness of the HSS members preventing the impacted bollard from displacing in
the direction perpendicular to impact. The maximum perpendicular displacements of the impacted
bollard in the round bar cases were lower than the average plate case and higher than the average
HSS member case, as shown in Figure 8-2 and Figure 8-3. This suggests that the round bars
provided more stiffness than the plate members but less than the HSS members in the direction
perpendicular to impact.
Displacements at the top of the bollard on the protected side were also measured for the
non-impacted bollard. The measurement locations are shown in Figure 8-1. These displacements
are significant, because they represent the level of interaction with the non-impacted bollard, and
the goal of these load sharing members in relation to anti-ram design is to engage the nonimpacted bollard so it can assist with energy dissipation. The displacements of the non-impacted
bollard parallel to impact are shown in Figure 8-4, while the impacted bollard displacements
perpendicular to impact are shown in Figure 8-5. Again, the bar chart is rotated to correspond
with the perpendicular displacements.
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Figure 8-4: Displacements at the top of the non-impacted bollard parallel to impact

Figure 8-5: Displacements at the top of the non-impacted bollard perpendicular to impact
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The deflections of the top of the non-impacted bollard parallel to impact ranged from
29.6 cm (11.7 in) to 44.6 cm (17.6 in). As with the impacted bollard displacements, there was a
significantly different response between the plate and HSS cases. The non-impacted bollard
displaced more in the direction of impact for HSS load sharing member designs. This was due to
additional flexural resistance in the HSS members, which transfer the load to the non-impacted
bollard in the direction of impact.
Load sharing members with less bending resistance caused the non-impacted bollards to
deflect more perpendicular to impact. In plate member cases, the non-impacted bollard was
pulled inward by the load sharing members while the bollard in the HSS member cases displaced
very little perpendicular to impact. While average displacement in the direction perpendicular to
impact was -5.5 cm (-2.2 in) for plate member cases, the average HSS member case showed
virtually no bollard displacement to either side.
The combination of inconsistencies between the plates, round bars, and HSS members
with respect to maximum bollard displacements in each direction showed that two different load
sharing mechanisms were occurring. Having a much higher resistance to bending and torsion,
HSS members made the anti-ram system act more like a stiffened frame, transferring the impact
load parallel to impact into the non-impacted bollard. The plate members acted more as tension
members, developing plastic hinges near the bollards and using their tensile strength to engage
the non-impacted bollard and pull it inward. An illustration of these two mechanisms is shown in
Figure 8-6. This shows that the mechanism of load transfer can be estimated and is dependent on
the bending strength of the load sharing members. In terms of bollard deflections, the Bar_C1
case acted more like a stiffened frame, like the HSS members, while the Bar_C2 case formed
plastic hinges. This could be attributed to flexural stiffness of the round bars being higher than
that of the plate members but less stiff than the HSS load sharing members.
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Figure 8-6: Illustration of the typical load sharing mechanism for plate member designs

Figure 8-7: Illustration of the typical load sharing mechanism for HSS member designs
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8.3 Global Rotation
Results pertaining to global rotation of the entire anti-ram system are discussed in this
section. Global rotation is a significant concern among designers of anti-ram systems (Chunlin et
al., 2008) and is a difficult failure mode to simulate because it is largely dependent on boundary
conditions and soil properties. Even though there was very little global rotation of the foundation
in the experimental crash test of the two post anti-ram system used in this study, it is still a
potential limit state for such a device and should be studied. To assist with evaluating the
potential of the anti-ram system to rotate out of the embedded soil, the vertical displacement at
the front edge of the foundation was measured for each of the fourteen load sharing design
models. A diagram showing the measurement location for this vertical displacement for the worst
case, HSS_C2_T, is shown in Figure 8-8. The foundation node vertical displacements are shown
in Figure 8-9.
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Figure 8-8: Side elevation view showing measurement of global rotation in the anti-ram system

Figure 8-9: Foundation node vertical displacements as defined by Figure 8-8
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The displacements of the front edge of the foundation in the anti-ram systems ranged
from 12.7 cm (5.0 in) to 17.4 cm (6.9 in). These corresponded to rotations between 6.0 degrees
and 8.2 degrees. Overall, more global rotation was observed in HSS member cases than in plate
member cases. This can be attributed to the load sharing mechanisms shown in Figure 8-6, which
again showed that HSS load sharing members transfer more energy in the direction of impact due
to their increased flexural stiffness. Plate member cases, however, have lower bending resistance
and tend to turn into tension members by forming plastic hinges. This results in displacements of
the non-impacted bollard in the direction perpendicular to impact. Since HSS load sharing
members transfer impact energy in the direction of impact, this can lead to a larger overturning
moment on the entire structure. Conversely, the plate member cases transfer more energy in the
direction perpendicular to impact, leading to less global rotation.
In addition, load sharing member cases using Configuration 2, which employed a single,
stiffer member, exhibited more global rotation than those using Configuration 1, which used three
members. Configuration 2 foundations on average displaced 15.8 cm (6.2 in), while
Configuration 1 cases displaced 13.6 cm (5.3 in). Since impact load transfer occurred higher on
the non-impacted bollard in Configuration 2 cases, the overturning moment arm on the bollard
and, subsequently, the foundation was increased which, in turn, increased global rotation of the
anti-ram system.

8.4 Impact Vehicle Penetration
Since the prevention of penetration by the impacting vehicle was the ultimate design goal
for an anti-ram barrier system, penetration of the vehicle in each model case was a significant
item of interest. ASTM F2656-07: Standard Test Method for Vehicle Crash Testing (ASTM,
2007) specifies that dynamic penetration of the impact vehicle be measured from the lower
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leading edge of the truck’s bed, where any explosive payload would be stored, as shown in Figure
3-1. The truck’s dynamic penetration was measured by tracking nodes on the front corners of the
truck bed in the vehicle finite element model, shown in Figure 8-10. The maximum nodal
displacements are shown in Figure 8-11.

Figure 8-10: Plan view showing the nodes used for dynamic penetration
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Failure Line

Figure 8-11: Maximum truck bed displacements, as defined by Figure 8-10

All fourteen of the finite element anti-ram systems stopped the impact vehicle before the
truck bed nodes crossed the failure line, predicting that all two post bollard systems that were
studied would obtain an M50-P1 rating (as defined in Table 3-1). While the maximum truck bed
displacements only varied between 2.09 m (6.86 ft) and 2.34 m (7.68 ft), it is important to note
that only part of the full structural system was being modified in each case. On average, HSS load
sharing member cases limited penetration of the impact vehicle more effectively than plate
member cases and reduced it by approximately 7.1 cm (3.0 in), and more than round bar cases by
6.7 cm (2.5 in).
Dynamic penetration as defined by ASTM 2656-07 does not fully represent the response
in each of the simulated impact tests. Since the finite element model utilized asymmetric impact,
the maximum penetration of the nodes on the truck bed was dependent upon the vehicle geometry
and dynamics. In addition, since two nodal points were measured to determine penetration of the
truck bed corners, with one on either side of the truck bed, more uncertainty was introduced when
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looking at the maximum displacement of either node. Because either of the truck bed nodes could
be registering the maximum displacement at any given time, further variability was present in the
measurement.
To further study the ability of each load sharing member design to limit the penetration of
the impact vehicle, maximum displacement of the center of gravity of the impacting truck was
also examined. A massless node was created at its center of gravity and tracked throughout the
crash. From a design perspective, investigating the penetration of the center of gravity is more
valuable than the truck bed corners, as it provides a better estimate of the global response of the
vehicle throughout the crash event. The location of the center of gravity node is shown in Figure
8-12 and center of gravity displacement time histories for all fourteen finite element models are
shown in Figure 8-13. Time histories were used so that the penetration throughout each impact
event could be exhibited. In addition, the velocity of the impact vehicle can be shown by the
instantaneous slope of the time history.

Figure 8-12: Diagram showing location of center of gravity node on the impact vehicle

Figure 8-13: Displacement time histories of the impact vehicle center of gravity

Early in the impact event, there was a noticeable change in slopes between the dashed
and solid lines, which represented Configuration 1 (three member) cases and Configuration 2
(one member) cases, respectively. This discrepancy indicated that the impact vehicle began to
slow earlier during an event for Configuration 1 cases. The increased deceleration of the impact
vehicle was due to the vehicle engaging the bottom transverse member in Configuration 1, a
member that was not present in Configuration 2 cases. This shows that the bottom member,
which was directly impacted by the truck, engages before other components of the anti-ram
system and assists with the dissipation of energy and slowing the vehicle even before distributing
load to the non-impacted bollard. In addition, the figure also indicates that HSS members clearly
separate themselves with respect to performance from the plate and round bar members by
showing further increased acceleration early in the impact event. These findings indicated that the
bottom HSS members in Configuration 1 dissipate more energy prior to full engagement of the
anti-ram system than either plate or round bar members. This is indicative that the higher flexural
stiffness in the HSS members helped slow the impact vehicle earlier in the crash event.
In terms of limiting the penetration of the impact vehicle, the HSS_C2_T load sharing
member case appeared to be the most impact resistant design. The maximum displacement of the
truck’s center of gravity for this case was 1.67 m (5.48 ft). The same case also showed significant
elastic recovery after the impact, indicating reserve capacity in the anti-ram system. In general,
HSS member cases stopped the truck earlier in the impact event and with less penetration than
other load sharing member types. The average HSS design case allowed a maximum vehicle
displacement of 1.73 m (5.68 ft), while the average round bar and plate case displacements were
1.90 m (6.23 ft) and 1.94 m (6.36 ft), respectively. The discrepancy in vehicle penetrations again
is most likely due to additional flexural stiffness in the HSS load sharing members. In addition,
Configuration 2 cases limited the penetration of the vehicle more effectively than Configuration 1
cases, especially for the plate member designs.
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However, stopping the impact vehicle in the shortest distance and in the least amount of
time is not always best from a design perspective. Even though HSS investigated member cases
were the most effective at limiting vehicle penetration, they were also the cases most vulnerable
to global rotation, as discussed in Section 8.3. The two post anti-ram system used for this study
utilized stiff, well-defined boundary conditions that consisted of a saw cut foundation surrounded
by soil and a concrete slab. Because the finite element model was calibrated from the crash test, it
too employed stiff boundary conditions. If the as-tested devices were placed in a non-urban site
with poor soil conditions, less soil confinement, or unknown boundary conditions, there is no
guarantee that HSS members would be the most effective choice to limit vehicle dynamic
penetration. In that case, a designer might prefer a load sharing design that encourages ductility
and less global rotation, while allowing for more vehicle penetration, such as Configuration 1,
plate cases. Plate load sharing member cases utilizing Configuration 1 were shown to dissipate
energy more gradually than other member types and were less vulnerable to global rotation
concerns.

8.5 Bollard Internal Moments
To help understand internal forces in the anti-ram bollard systems and how load sharing
members influence their magnitudes, cross sections were studied in each model at the base of
each bollard. Measures of anti-ram design success discussed in the previous section used only
displacements of the impact vehicle and barrier components. To determine how these
measurements would affect the interaction of the anti-ram system members, maximum moments
were taken at the base of each bollard. For each of the fourteen load sharing member design
cases, four moments were calculated. Each calculated moment was the maximum moment
experienced by each bollard during the impact event. To determine how load sharing mechanisms
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influenced internal member forces in each direction, moments were determined both parallel and
perpendicular to impact at the base of each of the bollards as shown in Figure 8-14. Moments at
the base of the impacted bollard are presented first with those parallel to impact shown in Figure
8-15 and those perpendicular to impact shown in Figure 8-16. Bar charts are again aligned to
match with deformation directions associated with each base moment.

Figure 8-14: Diagram of moments taken across sections at the base of each bollard
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Figure 8-15: Maximum moments parallel to impact at the base of the impacted bollard

Figure 8-16: Maximum moments perpendicular to impact at the base of the impacted bollard
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The impacted bollard base moments in the direction of impact ranged from 528 kN-m
(389 k-ft) to 584 kN-m (431 k-ft). Moments parallel to impact were significantly lower in
Configuration 2, indicating that those cases transmitted impact energy away from the impacted
bollard effectively. Because they only consisted of a single, heavier member, Configuration 2
cases employed stiffer load sharing members, which helped transfer energy to the non-impacted
bollard.
Evaluating the impacted bollard moments perpendicular to the line of impact showed a
disparity between the cross section types. The impacted bollard experienced significantly more
bending in the direction perpendicular to impact for the plate and round bar cases than for the
HSS member cases. The average impacted bollard moment in HSS member cases was -60.6 kNm (-44.7 k-ft), while the average plate member case moment was -134 kN-m (-98.8 k-ft) and the
average round bar case moment was -130 kN-m (-95.8 k-ft). Here, negative moment values for
the impacted bollard again indicate bending toward the non-impacted bollard, as shown in Figure
8-14. This could indicate that as the impact vehicle was attempting to translate the impacted
bollard in the direction perpendicular to impact, the greater bending and buckling stiffness
provided by the HSS members help prevent inward deflection of the bollard.
Maximum dynamic moments at the base of the non-impacted bollard are shown in Figure
8-17 and Figure 8-18. These measurements are important with respect to this study, because more
moment transferred to the base of the non-impacted bollard indicates more efficient load sharing
and, possibly, more energy dissipation. As shown in the max moment charts, and in agreement
with findings presented in Section 8.2, the HSS load sharing members were effective at engaging
non-impacted bollard with respect to bending in the direction of impact; while the plate load
sharing members were effective at forming hinges and bending the non-impacted bollard
perpendicular to impact.
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Figure 8-17: Moments parallel to impact at the base of the non-impacted bollard

Figure 8-18: Moments perpendicular to impact at the base of the non-impacted bollard
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After evaluating the bollard base moment data, there was a need for a performance
assessment quantity that would address different load effects the bollards experienced. The HSS
members were more effective at transferring the impact energy to the non-impacted bollard in the
direction of impact, while plate members and round bars were more effective at engaging the
bollards in a direction perpendicular to the impact. Despite these clear behavioral distinctions, it
was not readily apparent which member type most efficiently shared load with the non-impacted
bollard. For this reason, a resultant moment was determined for cross sections at the base of each
bollard. The resultant moment takes into account the moment in the direction of impact, moment
perpendicular to impact, and the moment caused by the bollard twisting about its vertical axis. In
an ideal load sharing mechanism, the resultant moment of the impacted bollard would be
minimized, while the resultant moment of the non-impacted bollard would be maximized. In a
perfect load sharing scenario, resultant moments at the base of the impacted and non-impacted
bollard would be the same. Therefore, the ratio of resultant moment in the non-impacted bollard
to the resultant moment in the impacted bollard will give a quantity representing load sharing
effectiveness in each anti-ram system. These “load sharing ratios”, as well as the maximum
resultant moment at the base of each bollard, are shown in Table 8-1. A bar chart showing the
calculated load sharing ratios is shown in Figure 8-19.
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Table 8-1: Maximum bollard resultant moments and load sharing ratios
Impact Bollard

Non-Impact Bollard

M
M

kN-m

k-ft

kN-m

k-ft

Plate_C1_T

580

428

354

261

0.611

Plate_C1_C

580

427

341

251

0.588

Plate_C1_F

591

436

368

271

0.622

Plate_C2_T

604

445

434

320

0.719

Plate_C2_C

586

432

433

319

0.739

Plate_C2_F

578

426

425

313

0.736

HSS_C1_T

581

428

463

342

0.798

HSS_C1_C

589

435

426

314

0.722

HSS_C1_S

584

431

484

357

0.829

HSS_C2_T

558

411

460

339

0.824

HSS_C2_C

553

408

466

344

0.843

HSS_C2_S

550

405

462

341

0.840

Bar_C1

588

434

397

293

0.675

Bar_C2

529

390

349

257

0.660

Figure 8-19: Load sharing ratios for each anti-ram design
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As shown in Table 8-1, the maximum impacted bollard resultant moments showed less
variability, ranging between 523 kN-m (390 k-ft) and 604 kN-m (445 k-ft). The maximum
resultant moments in the non-impacted bollard ranged from 341 kN-m (251 k-ft) to 484 kN-m
(357 k-ft). Variability in the non-impacted bollard moments indicated that the different load
sharing member cases had a significant effect on the anti-ram system. The highest load sharing
ratios were observed for the HSS load sharing member cases, especially for Configuration 2
cases. This implies that the HSS members were more efficient than plates with respect to sharing
load within the two post anti-ram system used in this study.
To further examine the effectiveness of each load sharing member design and study the
ability of each design to limit dynamic penetration of the impact vehicle, the relationship between
load sharing ratio and maximum penetration of the truck’s center of gravity was investigated. As
discussed in Section 8.4, the maximum displacement of the impact vehicle’s center of gravity
provides a more accurate measure of the anti-ram system’s resistance to vehicle penetration. This
value was plotted against the load sharing ratio for each of the fourteen design cases and is shown
in Figure 8-20. In general, anti-ram designs with higher load sharing ratios were more effective at
limiting dynamic penetration of the impact vehicle. A linear regression of the data did indicate a
level of correlation between load sharing ratio and impact vehicle penetration, with higher load
sharing ratio leading to lower penetration.
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Figure 8-20: Relationship between load sharing ratio and maximum impact vehicle penetration

From a practical design perspective, a measure of the reserve capacity of the anti-ram
system was desired. To determine the reserve capacity of the bollards in each anti-ram barrier
design, a limiting, “worst” case failure was investigated. The failure of the anti-ram system was
initiated by removing the load sharing members and increasing the impact vehicle speed until the
barrier failed, which was defined as failure to obtain a P1 penetration rating, as described in
Section 3 and prescribed by ASTM F2656-07. Once the speed of the flatbed truck reached 88.5
kph (55.0 mph), the anti-ram bollard system started to fail due to the impacted bollard fracturing
at its base as shown in Figure 8-21, leading to excessive vehicle penetration criteria as defined by
ASTM F2656-07 (ASTM, 2007). During the failure, the maximum resultant moment at the base
of the bollard was 627 kN-m (462 k-ft), which was observed to be the failure moment at higher
impact speeds as well.
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Figure 8-21: Failure of the anti-ram system with no load sharing members

To determine how effective load sharing affects the additional capacity of the anti-ram
bollard system, the design case with the highest “load sharing ratio”, HSS_C2_C, was evaluated
under increasing impact velocities. The improved anti-ram bollard design was able to
successfully arrest the impact vehicle at impact speeds as high as 99.8 kph (62.0 mph) in the
simulations as shown in Figure 8-22.

Figure 8-22: Successful impact using HSS load sharing members
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This design’s success at high impact speeds demonstrated that load sharing members,
especially designs that performed well in this study, could be considered as options to improve
crashworthiness of an anti-ram bollard system that consists of multiple vertical bollards. At 105
kph (65.0 mph), the HSS_C2_C load sharing member design failed by penetration criteria defined
by ASTM 2656-07 (ASTM, 2007), but did not exhibit a major member failure as observed in the
test case with no load sharing members. This shows an 18.2% increase in failure velocity when
compared to the model with no load sharing.

8.6 Member Cost
Thus far, each anti-ram system design has been analyzed in terms of load sharing
capability, impact resistance and deformations. Another approach with respect to optimizing
design of load sharing members in the anti-ram system was to maximize their cost effectiveness.
An optimal load sharing member design would be both effective at limiting vehicle penetration
and be cost effective, as discussed in Section 7.6. To assist with evaluation of cost effectiveness
of various load sharing member designs, cost estimates were obtained from local steel
manufacturers (Helsel, personal communication, April 19, 2013). While this is certainly not a
comprehensive cost analysis of the load sharing members, it represents a reasonable estimate for
member costs. Resulting load sharing member costs, along with their total weights and
corresponding unit costs, are shown in Table 8-2.
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Table 8-2: Load sharing member design costs and weights
Cost/Member

Total Cost

Plate_C1_T

$124.99

Plate_C1_C

Weight

Cost per Weight

lbs

kg

Cost/lb

Cost/kg

$374.97

281

127

$1.34

$2.94

$98.42

$295.26

292

133

$1.01

$2.23

Plate_C1_F

$112.29

$336.87

328

149

$1.03

$2.27

Plate_C2_T

$178.85

$178.85

140

64

$1.27

$2.81

Plate_C2_C

$149.18

$149.18

136

62

$1.09

$2.41

Plate_C2_F

$147.38

$147.38

175

80

$0.84

$1.85

HSS_C1_T

$73.79

$221.37

158

72

$1.40

$3.10

HSS_C1_C

$52.60

$157.80

158

72

$1.00

$2.21

HSS_C1_S

$102.08

$306.24

224

101

$1.37

$3.02

HSS_C2_T

$104.13

$104.13

94

43

$1.11

$2.45

HSS_C2_C

$124.03

$124.03

94

43

$1.32

$2.91

HSS_C2_S

$108.50

$108.50

108

49

$1.00

$2.21

Bar_C1

$82.76

$248.28

230

104

$1.08

$2.38

Bar_C2

$276.60

$276.60

150

68

$1.84

$4.06

As expected, the Configuration 2 members were individually more expensive, since they
were larger sections. However, Configuration 2 uses only one a single member while
Configuration 1 uses three, and, as a result, Configuration 2 is much more cost effective overall.
Among the tested load sharing member designs, Configuration 1 designs averaged $277.26 in
total member cost while Configuration 2 cases averaged $155.52. In addition, Configuration 2
cases use significantly less steel. From an economic and material savings standpoint,
Configuration 2 cases appear to be the best choice. However, it would be beneficial to determine
the cost efficiency of each load sharing design with respect to design success. A summary table
that combines cost, maximum impact vehicle displacement, and member load sharing ratios for
each design case is shown in Table 8-3.
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Table 8-3: Summary of load sharing member costs, vehicle penetrations, and load sharing ratios
Total Cost

Max Vehicle CG
Displacement (m)

Load Sharing
Ratio

Plate_C1_T

$374.97

2.02

0.611

Plate_C1_C

$295.26

2.19

0.588

Plate_C1_F

$336.87

1.99

0.622

Plate_C2_T

$178.85

1.85

0.719

Plate_C2_C

$149.18

1.86

0.739

Plate_C2_F

$147.38

1.91

0.736

HSS_C1_T

$221.37

1.75

0.798

HSS_C1_C

$157.80

1.68

0.722

HSS_C1_S

$306.24

1.73

0.829

HSS_C2_T

$104.13

1.67

0.824

HSS_C2_C

$124.03

1.71

0.843

HSS_C2_S

$108.50

1.92

0.840

Bar_C1

$248.28

1.89

0.675

Bar_C2

$276.60

1.78

0.660

As shown in the table, the three most cost effective load sharing member designs were
the three HSS member, Configuration 2 cases. In addition, these HSS member, Configuration 2
cases have three of the four highest load sharing ratios, which show that they efficiently
transferred the vehicle impact load to engage the non-impacted bollard and assist with energy
dissipation.
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8.7 Summary
While being the most cost effective design, Configuration 2, HSS load sharing member
cases were also among the most effective designs at limiting impact vehicle penetration. These
results show that the most efficient load sharing member design for the two post anti-ram bollard
system in this study was a single HSS member at the top of the bollards.
However, anti-ram designs with HSS load sharing members showed more global rotation
than plate members and round bars. In addition, Configuration 2 cases were more inclined to
exhibit global rotation than Configuration 1 cases. This demonstrates that, even though HSS,
Configuration 2 load sharing member designs were deemed the most effective from this study,
there are benefits to employing other member cross sections. If the tested anti-ram device was
placed in significantly different boundary and soil conditions, the global rotation of the system
could be a cause for concern. In this case, it is possible that a load sharing design that encourages
more ductility in the barrier system would be preferable.
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Chapter 9
Conclusions

9.1 Summary
Anti-ram bollards are an effective and unobtrusive design solution to protect buildings
and their occupants from vehicle impacts. This study focused on the evaluation of above-grade
load sharing members in a steel anti-ram bollard system. The intent of load sharing members in
the two post anti-ram bollard system was to engage a non-impacted bollard to assist with
dissipation of the impact energy. A previously constructed finite element model of a
representative and successful two post anti-ram bollard system was updated and calibrated against
experimental crash test data and used to evaluate load sharing member designs.
Fourteen load sharing member designs were examined, with six using plate members to
evaluate as predominantly tension members, six using HSS members to evaluate members with
higher flexural stiffness, and two using round bars. Half of the anti-ram systems utilized three
load sharing members distributed through the height of the vertical bollard, and were called
“Configuration 1” designs, while half employed a single, stiffer load sharing member at the top of
the bollards and were called “Configuration 2” designs. Each design was modeled in LS-DYNA
and was subjected to high-speed impacts to determine optimal configurations and to assist with
making anti-ram design recommendations.
Every load sharing member design case succeeded in stopping the impact vehicle
traveling at 80.5 kph (50 mph), predicting that all fourteen would successfully obtain a M50-P1
rating as defined by ASTM F2656-07 (ASTM, 2007). Designs that contained HSS load sharing
members between the bollards were found to be more effective than plate or round bar load
sharing members at preventing vehicle penetration. It was determined that the bottom member in
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Configuration 1 cases, which was directly impacted by elements of the vehicle, engages before
other parts of the anti-ram system to begin dissipating impact energy earlier in the crash event.
Despite these findings, maximum vehicle penetrations were more effectively limited by the
Configuration 2 cases.
The displacements at the top of each the impacted and non-impacted bollard were
investigated to ascertain load sharing behavior and effectiveness in the studied anti-ram systems,
and two different load sharing mechanisms were observed. Since the plate members did not have
significant flexural resistance, they tended to form plastic hinges and act as tension members to
engage the non-impacted bollard by pulling it toward the impacted bollard. HSS load sharing
members were able to use their larger bending and torsional stiffness when compared to the plate
to transfer the load into the non-impacted bollard in the direction parallel to impact. Round, solid
bars acted as a hybrid of the two load sharing mechanisms described.
To determine how various load sharing member designs and mechanisms influenced the
magnitude of internal forces in the anti-ram bollard systems, moments were calculated at their
bases. These results also showed the existence of two load sharing mechanisms. The nonimpacted bollard experienced higher moments in the direction of impact for HSS load sharing
member cases, but higher moments perpendicular to impact in plate and round bar cases. To help
determine which of these mechanisms actually was most effective at distributing impact energy to
the non-impacted bollard, resultant moments at the base of each bollard were calculated. The
resultant moments showed that the HSS load sharing members, especially those using
Configuration 2, were most effective at transferring impact energy to the non-impacted bollard. In
addition, designs that exhibited more effective load sharing tended to be more successful at
limiting the dynamic penetration of the impact vehicle.
In addition to failure of the structural anti-ram system, global rotation is a significant
concern among designers of vehicle barriers. To assist with evaluating the potential of the anti-
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ram system to rotate out of the embedded soil, vertical displacements at the front edge of the
foundation for each of the fourteen tested devices were calculated. It was determined that antiram systems using HSS load sharing members experienced more global rotation, due to the load
transfer mechanism for HSS transverse members that transfers more load to the non-impacted
bollard in the direction of impact. This causes a larger overturning moment for the entire system
and, subsequently increases the global rotation. In addition, Configuration 2 cases exhibited more
global rotation than Configuration 1 cases due to impact load transfer between bollards occurring
higher on the non-impacted bollard in Configuration 2 cases.
Finally, a cost comparison was completed to determine the cost effectiveness of each load
sharing member design. Using cost estimates from local steel suppliers for each member design,
it was determined that Configuration 2 cases were more cost effective than Configuration 1 load
sharing member designs because they used significantly less material. The least expensive load
sharing designs were HSS member, Configuration 2 cases, which were also most effective with
regards to load sharing efficiency and impact resistance.

9.2 Conclusions and Design Recommendations
In summary, conclusions and recommendations from this research are:


Anti-ram designs that utilized a single, stiffer load sharing member showed
improvement over designs using multiple load sharing members.



Square HSS members were shown to be the most effective in terms of load sharing
efficiency, impact resistance, and minimization of material.



Designs that exhibited more effective load sharing tended to be more successful at
limiting the dynamic penetration of the impact vehicle.
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Anti-ram designs using multiple, less stiff load sharing members showed minimized
global rotation of the barrier.



Finite element modeling using LS-DYNA can be used to reasonably predict the
response of anti-ram structures during high rate impact events.

9.3 Future Research
Due to increased frequency and danger of malicious attacks with explosive devices,
further research into the optimization of anti-ram systems in required. The most difficult variable
to account for in the analysis and design of impact resisting structures is the boundary conditions,
which can vary widely depending on site conditions, soil properties, or the contractor performing
the installation. Even though most anti-ram barriers are evaluated in full-scale crash tests, it is
difficult to guarantee that as-built boundary conditions are the same as future site conditions,
which could lead to an unexpected failure due to the global rotation of the entire anti-ram system.
Additionally, improvement of finite element vehicle models would make the research and design
of impact resisting structure more effective. Even though fairly detailed impact vehicle models
exist, they are not designed specifically to simulate the impact vehicles specified in ASTM F265607 Standard Test Method for Vehicle Crash Testing.
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Appendix A
Initial Finite Element Model Results – Strain Time Histories
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Appendix B
Calibration Parametric Study Data
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Appendix C
Calibrated Finite Element Model Results – Strain Time Histories
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Appendix D
Load Sharing Member Designs and Results
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