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ABSTRACT
As evidenced by various past and present events involving vehicle delivered explosive device
attacks on buildings, efficient and effective anti-ram barrier designs can be very beneficial in protecting
structures. Anti-ram barriers put in place to protect structures from moving vehicles follow a different
design, analysis, and construction approach than most structures due to the extreme nature of the vehicle
impact load. In many situations, it is also important to consider aesthetic implications of anti-ram barriers
when completing a design. Hollow structural section (HSS) steel members are very useful for the design
of anti-ram barriers because of their efficiency in dealing with torsion or biaxial loads, and their aesthetic
and architectural advantages. Certain types of load sharing configurations involving pierced HSS member
connections and an HSS transfer member do exist as a nature of the HSS shapes, however their behavior
under impact loading is largely undocumented. There existed a need to understand the use of these
connections and transfer members parallel to the direction of impact in anti-ram barriers for load sharing
purposes. A prototype structure using basic pierced HSS connections and an HSS transfer member was
designed and its performance under vehicle impacts was examined parametrically. The prototype
structure was designed using a basic plastic collapse analysis. Varied parameters included member sizes,
piercing hole sizes, and connection orientation with respect to the piercing member. The prototype
structure was examined using finite element (FE) analysis with modeling techniques selected from past
modeling of full-scale crash tests and past literature. Additionally the FE models were validated against
past full-scale tests of partially restrained moment connections. Results from the validated FE models that
examined barrier behavior were presented in the form of member force time histories at important
locations and via internal strain energy calculations. These results indicated that the use of a basic pierced
HSS connection and HSS transfer member oriented parallel to the direction of impact effectively shared
load between bollards in anti-ram barriers. In addition, recommendations for reducing member sizes when
using the studied connection and transfer member are provided.
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Chapter 1: Introduction
1.1 Introduction
Recent attacks on buildings from vehicle delivered explosives, evidenced by many events
within the past few decades, call to attention the need to design systems for the prevention and
mitigation of these attacks. Two notable vehicle delivered explosive events in the United States
are the attacks on the World Trade Center, New York City, in February of 1992 (Manning 1993)
and the Alfred P. Murrah Federal Building, Oklahoma City, in April of 1995 (Oklahoma Dept. of
Emergency Management 1995). Both of these events involved an explosive device delivered by
a vehicle directly to the site of the attack. Internationally, and more recently, a vehicle delivered
explosive device was used to attack the United Nations headquarters in the Nigerian capital of
Abuja in August of 2011 (Murray 2011). The vehicle rammed through two gates surrounding the
building before delivering an explosive device adjacent to the building and severely damaging it.
Structures designed to stop attacking vehicles, known as anti-ram barriers, are designed
with the intention of keeping the vehicle at a safe standoff distance from a building. A standoff
distance is beneficial for blast mitigation since the effects of blast loads on buildings decrease
rapidly as the distance from the blast increases (Longinow and Mniszewski 1996). Anti-ram
barriers can also prevent impacts from other moving vehicles near a building, such as civilian
traffic, that may accidentally become a threat to the building and its occupant’s safety.
1.2 Background
Due to the extreme loading imparted on an anti-ram barrier by a vehicle impact, analysis
and design of the barrier can be extremely complicated. The typical governing load used for
design is that supplied by a vehicle impact. To account for this load, certain structural
configurations could be utilized to simplify design and construction, while concurrently
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distributing loads throughout the barrier more efficiently. One possible example of this is a
barrier that utilizes two rows of vertical members, or bollards, located in rows perpendicular to
the direction of impact. Typically, one row of bollards, or even a single bollard, can resist
standard load cases such as self-weight, sustained dead loads, wind loads, or other typical loads
without the use of other bollards and connections. When the barrier is impacted, however, all
bollards and connections within the structure work together to resist the extreme loading
condition. With multiple barrier components sharing the vehicle impact load effectively, the load
seen by each individual member is reduced. This load reduction is advantageous to the barrier
design because it allows for the possibility of smaller members, which may lend themselves to
less expensive, more aesthetic, or easily constructible designs. Figure 1-1 shows a possible above
ground framing plan of an anti-ram barrier that would utilize two rows of bollards as described.

Figure 1-1: Possible Above Ground Framing Plan
Anti-ram barriers typically come in two main forms, (1) active barriers, such as those in
an access passage, which can be temporarily removed to accommodate a passing vehicle, or (2)
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passive barriers, designed to be constructed and installed without plans for removal (UFC 2010).
Since passive barriers typically remain around the protected area for a large portion of their life
cycle, it is important to consider the aesthetic implications the barrier’s design and placement
will have on the surrounding area. If this consideration is not included in the design process, the
resulting barrier may be negatively received by building occupants or local residents, and
possibly require replacement (Bush 2011). One way of accommodating aesthetic considerations
is to integrate the barrier into other structures that the public would expect to see in the area (Hu
et al. 2011). Designing the barrier to effectively share load, which allows for member size
reductions as discussed previously, also allows the structure to be optimized. By optimizing the
framing of these structures using stronger members, additional members, or modified
connections, the frame could function as an anti-ram barrier with minimal aesthetic detriments.
These aesthetic considerations are part of the reason steel hollow structural section (HSS)
members can be effective components in an anti-ram barrier design. HSS members are very
useful for aesthetic and architectural considerations because they can be painted and left visible
to the public, displaying smooth edges and rounded curves instead of the unfinished, jagged look
of typical steel members (Fletcher 2012). They are also efficient structural sections, especially in
spans that are unbraced and subjected to biaxial loads (Kloiber 2001). This can be particularly
important when structures make use of irregular geometries or load cases, such as modern styled
buildings or anti-ram barriers. Also, HSS members can be very efficient in resisting torsion or
multi directional loads due to the behavior of their closed cross-sections (Fletcher 2012). The
closed section of an HSS member under elastic loading remains planar during loading, mitigating
warping torsion and leaving pure torsion to be resisted (AISC 2003). For multi direction loading,
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the closed cross section of HSS members places the material away from the section’s centroid,
increasing the effectiveness of bending properties for all loading directions (AISC 2011).
One problem with using HSS members is that connections and their required detailing are
often a challenging part of the design process. This is partly due to the inherent problems which
come with connecting closed members that prevent access to their interior for bolting; most
connection types involve welding plates to the HSS member (Scherman 2005). Also, certain
HSS members and their corresponding connections sometimes do not undergo any load unless
the barrier is impacted, which leaves the possibility for the connection and member to be
overdesigned. Certain types of efficient, basic pierced connections do exist for HSS shapes,
however their behavior under conventional and impact loading is relatively undocumented and
hard to predict.
1.3 Problem Statement
Accounting for aesthetic considerations in anti-ram barriers can result in additional
complications when attempting to ensure that the barrier effectively mitigates a vehicle impact.
Using a basic pierced HSS connections and an HSS transfer member can help share vehicle
impact loads and reduce member sizes to aid in optimizing the barrier. While this optimization
helps take into account aesthetic considerations, there existed a need to determine the
effectiveness of using this design to transfer load, determine preliminary design methods for
selecting and reducing HSS transfer and bollard member sizes, and provide recommendations
regarding connection piercing hole size and orientation.
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1.4 Objectives
The objective of this study was to computationally examine load sharing in anti-ram
barrier structures that utilize basic pierced HSS connections and an HSS transfer member under
dynamic vehicle impact loads. The examination addressed the following objectives:
·

Determined if the basic HSS pierced connection and HSS transfer member effectively
shared the vehicle impact load between bollard rows.

·

Determined if the design method used provided member sizes that could be reduced.

·

Determined how member sizes should be adjusted, and if any changes to the basic
pierced connection could be made.

1.5 Scope
The scope of this study involved computational investigation of a basic pierced HSS
connection placed in a structure subjected to vehicular impacts using finite element (FE) models.
Figure 1-2 is a rendering of the studied configuration and shows the basic pierced connection
with the vertical members, or bollards, being HSS 203.2x203.2x15.9 (HSS 8x8x5/8) sections and
the transverse member an HSS 101.6x101.6x12.7 (HSS 4x4x1/2). A general view of the
connection design considered in this study is shown in the figure, however, member sizes that
were studied ranged between HSS 304.8x152.4x15.9 (HSS 10x6x5/8) and HSS
304.8x152.4x12.7 (HSS 10x6x1/2) for bollard members and between HSS 304.8x203.2x15.9
(HSS 10x8x5/8) and HSS 304.8x152.4x15.9 (HSS 10x6x5/8) for the transfer member, according
to Appendix A, to facilitate the parametric study.

6

Figure 1-2: Example Basic Pierced HSS Connection
The scope of this study involved prototype anti-ram barriers having two bollards parallel
to the direction of impact. Impact speeds and vehicle types were similar to those used for
previous anti-ram barrier evaluations and consisted of a medium duty truck meeting the specified
weight of 6,800 kg (15,000 lb) traveling at a speed of 50 km/hr (30 mph), both of which are
indicated in the relevant standards discussed later.
1.6 Tasks
This investigation involved the following tasks:
1. Literature Review: The literature review served the purpose of collecting and analyzing
existing information relevant to the objectives listed above. This included relevant studies
regarding anti-ram barrier design, finite element (FE) modeling of vehicle barriers, and
FE analysis of partially restrained moment connections. Information regarding anti-ram
barrier design focused on the design standards, methods, and common practices used for
barrier design. Information for FE modeling of vehicle barriers focused on modeling
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methods that have been used and validated in past studies of various types of barriers,
including roadside safety barriers. Information for FE analysis of partially restrained
moment connections focused on modeling and analysis methods that have been used and
validated in past studies for determining the behavior of moment connections.
2. Relevant Testing: A review of relevant testing was included to help summarize antiram barrier designs and tests completed by the Larson Transportation Institute (LTI) at
the Pennsylvania State University. This review also summarized the current state of antiram barrier designs at LTI as they pertain to the basic pierced HSS connection that was
included in the current investigation.
3. Barrier Prototype Design: A simplified prototype structure was designed to investigate
the basic HSS connection and HSS transfer member through computational models. The
structure was designed based on past barrier designs and tests at LTI, and also
incorporates parameter changes to create the necessary models to complete the study.
4. Model Construction and Validation: Simple FE models of the structure were created
and compared to other common structural analysis methods as well as accompanying
experimental data. These FE models were primarily used to validate selected methods
used to mimic component interaction. Validation was based on qualitative or quantitative
comparisons between models, simple calculation methods, and comparison to full scale
connection testing indicated in literature. A description of each validation step is
described in Chapter 5.
5. HSS Connection Computational Study: Once the models were validated, parameters of
the model were changed to computationally assess the behavior of the connection in the
prototype structure under different circumstances. Parameters that were varied include:

8
·

Member size and plastic moment capacity

·

Vehicle impact conditions

·

Connection orientation

·

Member hole size

The behavior of the connections and transfer member was assessed by observing select
data from the model, which included:
·

Bending moment in the bases of both bollards.

·

Bending moment and axial forces in the transfer member

·

Internal strain energy in the bollards

·

Locations of plastic behavior and formation of plastic hinges in all members

6. Computational Results Comparison and Simplification:
After the analysis data was compiled, it was evaluated to examine the effects certain
parameter changes had on the load sharing behavior of the connections and transfer
member. These effects were summarized and simplified to show how changes in certain
parameters do, or do not, affect certain behaviors. These simplifications could be useful
to predict the behavior of these connections if they are implemented in design.
Particularly, they could be used to provide information regarding transfer member
effectiveness and member size refinement recommendations.
1.7 Summary
Due to the increasing possibility of vehicle delivered explosive attacks on buildings, antiram barriers are being increasingly implemented as one layer of protection for many structures.
Anti-ram barriers are designed in many different ways that take into account vehicle stopping
capabilities as well as aesthetic considerations. Anti-ram barriers can also be designed to transfer
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load between components, allowing for the structure framing plan to be optimized and member
sizes to be reduced. For these reasons HSS members could be useful for certain barriers because
they are highly efficient sections that also lend themselves to aesthetic designs. HSS members,
however, are difficult to connect, and most existing connection designs have not been evaluated
for anti-ram barrier implementation. Basic pierced connections between HSS members can be
used which are efficient, simple to construct, and aesthetically pleasing, but a full understanding
of the connection behavior under impact loading was needed. Computational models of simple
HSS connections in prototype barrier structures were analyzed and compared to provide a basis
for using them under vehicle impact scenarios.
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Chapter 2: Literature Review
2.1 Overview
This literature review focuses on research related to three main subjects. The first section
addresses the design of anti-ram barriers, specifically on standards used to design and test
barriers. The second section addresses FE analysis of vehicle impacts on barriers including
modeling and analysis techniques for the barriers and vehicles, as well as validation of models
through the use of full scale crash tests. The third section addresses FE modeling of moment
connections and corresponding validation tests.
2.2 Anti-Ram Barrier Design and Testing
Since vehicular impacts do not typically occur on a day-to-day basis, anti-ram barriers
follow a different design, analysis, and construction approach than most structures due to the
extremity of the impact load in comparison to other, more frequent, service loads. The design of
these barriers can be guided by the U.S. Department of State’s (DoS) Unified Facilities Criteria
4-022-02 (UFC): Selection and Application of Vehicle Barriers, in the case of an attack (UFC
2010) or by using traditional design methods and loads prescribed by the American Society of
Civil Engineers (ASCE) 7-10 Minimum Design Loads for Buildings and Other Structures, in the
case of an accidental impact (ASCE 2010). Both design approaches essentially involve
proportioning the structure to account for the vehicle impact load, which will only happen in the
case of an attack or accident. Being able to understand how these atypical structures behave in
the case of the atypical impact load can be helpful when designing them by allowing for each
part of the structure to be accurately and efficiently sized based on a more thorough examination
of impact behavior.
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It is important that new anti-ram structures be tested for certification so that they may be
implemented as protective structures. The design of anti-ram barriers that protect DoS and the
United States Department of Defense (DoD) buildings is guided by UFC 4-022-02 Selection and
Application of Vehicle Barriers (UCF 2010). The design criteria largely center on general barrier
placement based on attainable vehicle speeds and an overview of various barrier types which
have been tested as acceptable for different site situations. Since full scale validation of anti-ram
barriers is a standard precursor for selection and implementation, the publication also references
documents which prescribe standard test methods for the validation of newly designed barriers.
In the past, newly designed barriers typically used SD-STD-02.01 Test Method for Vehicle Crash
Testing of Perimeter Barriers and Gates (DoS 2001) to specify methods for testing and
validating their performance. This document initially excluded anti-ram barriers that allowed a
penetration of over 1 m (3.28 ft), and standards dictating how additional weight was added to test
vehicles was not accurately representing real vehicle payloads, so methods regarding test vehicle
weight needed to be changed (UFC 2010). The DoS currently uses ASTM F 2656-07 Standard
Test Method for Vehicle Crash Testing of Perimeter Barriers to specify testing methods for their
anti-ram barriers (ASTM 2007). Both of the previously discussed standards contain information
regarding necessary test vehicle impact conditions and additional details pertaining to classifying
the results and effectiveness of a barrier design after an impact. Each condition discussed
includes important test information, such as the type of vehicle used, the vehicle weight, and its
impact speed. Table 1-1 is reproduced from ASTM F 2656-07 and lists various impact condition
designations and other additional useful information for each impact condition.
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Table 2-1: Impact Condition Designations
Test Vehicle/Minimum
Nominal Minimum Test
Test Inertial Vehicle,
Velocity, km/h (mph)
kg (lbm)
Small Passenger Car (C)
1100 (2340)

65 (40)
80 (50)
100 (60)

Pickup Truck (P)
2300 (5070)

65 (40)
80 (50)
100 (60)

Medium-duty Truck (M)
6800 (15 000)

50 (30)
65 (40)
80 (50)

Heavy Good Vehicle (H)
29 500 (65 000)

50 (30)
65 (40)
80 (50)

Permissible Speed
Range, km/h (mph)

Kinetic Energy,
KJ (ft-kips)

Condition
Designation

60.1-75.0
(38.0-46.9)
75.1-90.0
(47.0-56.9)
90.1- above
(57.0-above)
60.1-75.0
(38.0-46.9)
75.1-90.0
(47.0-56.9)
90.1- above
(57.0-above)
45.0-60.0
(28.0-37.9)
60.1-75.0
(38.0-46.9)
75.1-above
(47.0-above)
45.0-60.0
(28.0-37.9)
60.1-75.0
(38.0-46.9)
75.1-above
(47.0-above)

179 (131)

C40

271 (205)

C50

424 (295)

C60

375 (273)

PU40

568 (426)

PU50

887 (613)

PU60

656 (451)

M30

1110 (802)

M40

1680 (1250)

M50

2850 (1950)

H30

4810 (3470)

H40

7280 (5430)

H50

As indicated in Table 2-1 there are four different vehicle types with three different impact
speeds each. The overall severity of the impact condition is indicated by its kinetic energy
(ASTM 2007).
2.3 Finite Element Modeling of Vehicle Barriers
FE modeling of vehicle impacts on various barrier types has been used for design
purposes since at least 1993 (Wekezer et al. 1993). In the studies described below LS-DYNA
was used to model these impacts because of its demonstrated capability to accurately model the
events using its non-linear explicit analysis code and because of the history of the software in
relation to crashworthiness studies. As early as 1991 the FHWA began recommending
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commercial programs for crashworthiness testing of vehicles and barriers, and it was in 1988 that
Livermore Software Technology Corporation (LSTC) was founded to create programs such as
DYNA3D, now LS-DYNA, specifically for crashworthiness testing (LSTC 2007).
FE models of vehicles impacting barrier systems have been frequently used for highway
safety studies by various organizations and Departments of Transportation (DOTs). Specific
vehicle models have been extensively studied computationally and compared to corresponding
commercial vehicles for validation. Currently the National Crash Analysis Center (NCAC) hosts
an online database housing various FE vehicle models. The NCAC is a collaborative effort
between the Federal Highway Administration (FHWA), the National Highway Traffic Safety
Administration (NHTSA) and several industry and academic experts (NCAC 2010). The models
can be used effectively to examine crash performance of guardrails or other safety device
impacts and to provide useful information on the performance of the device in question or
impacts with other vehicles (NCAC 2007). FE models of vehicles such as the Toyota Yaris,
which weighs approximately 1100 kg (2300 lb) and is equivalent to a condition C crash vehicle
as shown in Table 1-1, and the Chevy Silverado, which weighs approximately 2300 kg (5070 lb)
and is equivalent to a condition P crash vehicle, have been compared to crash tests of the actual
vehicle. Comparisons include FE model weight and center of gravity, pitch, roll, and yaw inertia
during the crash, and point accelerations throughout the vehicle (NCAC 2011, NCAC 2009).
Additional tests of these models with anti-ram barriers have recently been conducted at The
Larson Transportation Institute with successful predictions of how the vehicle and barrier will
behave. Further information on relevant anti-ram barrier testing at LTI is included in Chapter 2.
FE models of vehicle impacts have become more prominent in the past few decades in
association with research being completed for the Federal Highway Association (FHWA) and the
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DoS, which use FE analysis of barriers as an accompanying method of design with full scale,
crash tests (NCAC 2010). A summary of relevant studies follows.
In 2007 a typical W-beam guardrail undergoing impact was modeled using a vehicle
model from the NCAC database. The FE model was validated through comparison to crash tests
using dynamic and permanent deflection of the guardrail, occupant impact velocities, and ride
down acceleration. Steel guardrail components were modeled using piecewise, linear, plastic
material models and shell elements. Bolts were modeled using beam elements and an elastoplastic material model that included failure criteria. The bolt head and nut were modeled using
shell elements with a null property, which essentially models a perfectly rigid material used for
load transfer. This enabled the bolt stiffness to be unaffected by the head and nut, while still
allowing for accurate contact modeling. This bolt modeling technique has also been successfully
used by various other studies on steel connections. The guardrail model was considered a viable
representation of full-scale tests conducted at the Texas Transportation Institute. The main
differences between the model and the validation test were attributed to the soil material model
and FE modeling techniques. The model was then used to test various design alternatives for the
guardrail system (NCAC 2007). Studies on similar steel guardrails using similar modeling
approaches and NCAC vehicle models were completed in 2011. They involved LS-DYNA
models of various guardrails and their effectiveness at resisting various types of vehicle impacts
and rerouting the vehicle safely. Each of the barrier models were validated using qualitative
comparisons to full scale tests. All of the validations were successful except one case where the
vehicle wheel became entangled with a barrier post and detached from the vehicle. The vehicle
material models did not allow for wheel detachment, causing the model to predict a slightly
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quicker deceleration of the vehicle. Validation also included quantitative checks of the FE
models’ energy balance curves to verify the model’s numerical stability (Ferdous et al 2011).
LS-DYNA has also been used in Australia to model vehicle impacts with triple-rail road
barriers using NCAC vehicle models and slightly modified NCAC vehicle. Steel guardrails were
investigated using NCAC small car and pickup truck model impacts. The model was initially
validated against crash tests at the Connecticut Department of Transportation before being used
to test changes in impact intensity and angle on the effectiveness of the guardrail. It was
determined that the model effectively represented the full scale crash tests and that the barrier
was effective as a roadside safety barrier. Some changes to barrier stiffness to allow for a more
gradual vehicle deceleration were suggested as a result of the FE model analysis (Hong et al.
2008).
Studies regarding vehicle impacts into concrete roadside barriers have also been
conducted using LS-DYNA. A study was conducted on the effectiveness of concrete barriers in
impact situations involving small vehicles and buses. The study effectively used LS-DYNA to
model the reinforced concrete barriers’ impact response and indicated that the vehicle models
provided an accurate representation of observed impact conditions during full scale testing. The
vehicle model also allowed the study to show that concrete barrier fragments did not penetrate
the passenger areas of the vehicles (Sun et al 2011).
2.4 Finite Element Modeling of Partially Restrained Moment Connections
According to the 14th Edition of the American Institute of Steel Construction’s (AISC)
Manual of Steel Construction (AISC 2011), steel connections that transfer moment between
members are classified as Fully Restrained (FR) or Partially Restrained (PR) moment
connections. FR moment connections transfer bending moment between two connected members
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with negligible amounts of rotation and can be considered perfectly rigid during analysis of a
structure. PR moment connections also transfer moment fully through the connection, but
relative rotation between members is not negligible. If PR connections are used in a structure,
their performance must either be documented in previously published literature or via
experiments of the connection type in question (AISC 2011). Common PR connections have
been documented, though this documentation does not cover the connection type being examined
for the current study (Goverdhan 1983).
The connection being examined herein, described briefly earlier and shown in Figure 1-2,
is initially assumed to be a moment connection. Its actual behavior, however, is unknown since
its moment transfer behavior is not studied in any literature. Furthermore, the connection has not
been investigated under extreme load cases and deformations which can be caused by vehicle
impacts. AISC design documentation for PR connections shows that assuming a connection as
fully restrained can significantly change the design of a structure (Lindsey et al, 1985).
Particularly, the maximum moment and its location in a member can change from the ends to the
center of the span depending on the stiffness of the connection. Moment transfer from one
member end to the next also depends on the stiffness of the connection, which may also change
in relation to the rotation of framed members that are connected together. Designing steel frames
with these types of connections requires iterative methods based on the moment-rotation
behavior of the connection in question, which relates the moment distributed to a connected
beam to the amount of relative rotation in each member (Lindsey et al. 1985).
Moment connections and their behavior have been studied in a number of ways.
Experimental methods are one option for investigating behavior of the connection; however,
indirect analytical or computational methods have also been used to study connection behavior.
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One example of an analytical method being used in conjunction with experimental data to
determine the behavior of a connection used the initial stiffness and connection ultimate moment
capacity to determine moment rotation behavior for a top and seat angle connection (Chen and
Kishi 1985). This was essentially equivalent to using the secant stiffness method (Lindsey et al.
1985).
Due to the expensive nature of impact testing on multiple full sized connections with
different levels of impact intensity, connection dimensions, or frame geometry, FE analysis of
connections allows for the possibility of a more efficient examination of their performance.
Studies that examined connections in this fashion are summarized below.
Steel bolted and end-plate moment connections have been studied using both twodimensional and three-dimensional FE methods. The study concluded that FE analysis of the
connections provided accurate predictions through the use of correlation factors and that threedimensional analysis was more accurate than two-dimensional analysis, but not as
computationally efficient (Krishnamurthy and Grady 1975). By using more advanced analysis
software, with the ability to use isoparametric, numerically integrated elements, it has been
shown that two-dimensional models could be used to accurately model bolted moment
connections (Patel and Chen 1984).
As computer speed and FE analysis software have both continued to advance, threedimensional modeling has proved computationally efficient, as well as accurate, for examining
moment connection behavior under typical loading conditions. Cold form steel column to bolted
beam connections have been studied, to better predict their behavior and strength, using threedimensional models and other semi-empirical methods. Nonlinear material models were used to
complete the failure analysis of the connections and bolts in the connection were modeled using
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rigid links. The study showed that the finite element model mimicked reported load deflection
curves from laboratory tests in almost every case (Chung and Wong 2004).
Nonlinear FE analysis has also been used to model welded moment connections
accurately to help study the effect of changing connection details on behavior. FE models of
various beam to column moment connections that involve welded plates have been studied,
along with additional analysis techniques, to represent cumulative damage and eventually predict
degradation of their capacity under monotonic and cyclic loadings. Models using both fracture
mechanics and damage mechanics methods coupled with FE analysis were shown to be in
accordance with full-scale laboratory tests (Bleck et al. 2009). Nonlinear FE analysis has been
used to model a hybrid, slotted web, reduced flange welded connection for seismic loading. After
showing that the model matched past experimental results, a parametric study was then competed
to analyze the effect of design changes that included the effect of panel zone strength, continuity
plates, and slot lengths on the ductility of the connection (Maleki and Tabbakhha 2012).
Bolted, partially restrained, moment connections that included the effects of slip between
the bolts and connected surfaces have also been analyzed using FE models. These FE models
with contact algorithms and solid bolt models were used to model seated, partially restrained,
bolted connections. The models incorporated coupled algorithms that compared locations of two
parts in the FE model for penetration or slip, and then applied a constraint to the parts so that the
slip or penetration is resisted. In this case, a master-slave type algorithm which specifically
checks the slave FE model nodes against the master nodes for penetration, or slip, and applies the
constraints to the slave nodes, was used. Friction and bolt pretension were also modeled to
account for the normal force the pretension applied to slip surfaces, and the effects of friction on
the slip surfaces. Compared to experimental results, the model accurately depicted the initial
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stiffness and behavior of the connection. Numerical results began to deviate from experimental
results due to the lack of modeling strain hardening, indicating a need to model strain hardening
in the case of extreme plastic deformation and changes in geometry. The models were used to
complete a parametric study investigating the effect of friction and pretension in the connection
on the overall connection behavior (Citipitioglu, Haj-Ali, and White 2002).
Another study, which involved FE modeling of slip in a partially restrained steel
connection, investigated a beam to column connection involving two angle seats, with past fullscale tests being used for comparison. The beam, column, and angle seats are modeled using 2D
shell elements, while bolts are modeled using a combination of eight node solid elements and
rigid link elements. The studies investigated nonlinear behavior of the angle seat connection with
various parameter changes after the model had been validated against past tests (Taufik et al.
2011). Studies mentioned previously, as well as others, have used solid elements as part of 3D
FE studies of partially restrained moment connections (Bose et al. 1996, Citipitioglu et al 2002).
Various other studies however, point out the advantages of shell elements such as computational
efficiency, ability to model complex connection geometry with reliable element shapes, and
more accurate modeling of plate bending without the extra stiffness provided by solid elements
(Bahaari and Sherbourne 2002, Taufik et al. 2011, Taufik and Xiao 2006).
Various modeling techniques for bolts in bolted connections have also been investigated
and compared to test data. Two FE modeling techniques were used to represent the bolts and
predict bolt behavior under direct shear, axial tension due to bolt preloading, and friction
between the bolt head and plates. The models were compared against theoretical calculations and
experimental results. The two studied modeling techniques included representing the shank as a
beam element, with the head and nut represented as shells, or representing the entire bolt with
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solid elements. The study showed that the beam and shell methods were accurate for predicting
bolt failure if the failure mechanism was known beforehand. The study also concluded that solid
element models were accurate for predicting all expected bolt failure modes and for representing
connection slip (Narkhede 2011).
2.5 Summary
The above sections summarize relevant literature with regard to anti-ram barrier design,
FE modeling of vehicle impacts on barriers, and past FE studies of moment connection behavior.
By providing an accepted basis for how anti-ram barriers are validated through testing, ASTM
F2656 indicates what load severities anti-ram barriers must be designed for. Based on design and
validation standards, past studies have shown that FE models can be used to predict the behavior
of vehicle barriers during a vehicle impact, with sufficient accuracy to predict behavior during a
full scale test and further enhance the design of the barrier. Typically, FE models for these highly
nonlinear, dynamic loading situations are analyzed with the commercial code LS-DYNA. FE
models of partially restrained moment connections have been used to accurately model specific
connection designs and their behavior in comparison to experimental results. Using FE models
has proven to be a cost effective and efficient alternative to full-scale testing. Simplifications
from the actual connection to the FE model of the connection involving member interaction,
material types, bolt modeling, and boundary conditions must be completed based on past studies
as indicated above, and relevant tests. Literature also indicated the need for information
regarding the behavior of the basic connections being investigated herein and how it can be
effectively used in impact resistant structures, since the connection has not yet been examined
under impact.
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Chapter 3: Relevant Testing
3.1 Overview
A summary of full-scale crash tests of anti-ram barriers and corresponding LS-DYNA FE
models, which continue to be used by the Larson Transportation Institute (LTI) at The
Pennsylvania State University to investigate and test anti-ram barrier designs, is provided. These
tests have involved steel framed anti-ram barriers similar to the structure being investigated in
this study, as well as other types of barriers, such as natural materials embedded in soil. LSDYNA models have been used to predict the outcomes of the full-scale tests and assist with
designing various types of barriers. This information is being provided because, while steel antiram barriers involving the specific connection being investigated have not been tested, barriers
with similar types of connections and loading conditions have been examined, and are
summarized here. This information is also important because completed tests have also been
used to validate and improve upon the corresponding FE models for future design use (O’Hare et
al. 2013). Information from these tests was used to determine FE modeling techniques, and
establishes investigation needs and methods for the basic HSS connection.
3.2 Relevant Tests and Models
Recent vehicle impact tests of anti-ram barriers used a vehicle that fits the criteria for an
ASTM F2656 medium duty truck (ASTM 2007). The FE model for the vehicle used was
originally taken from the NCAC database. The model was then modified to better represent the
actual weight distribution used during crash tests, material failure in vehicle components, and the
required tire inflation as per ASTM F2656 specifications (O’Hare et al 2013).
The tested anti-ram barrier that has the most similar connections to the pierced HSS
connection studied herein was tested at LTI’s crash test facility on June 14th 2011. The difference
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in the connection for this barrier was that load sharing used steel plates instead of HSS members,
and the load sharing occurred between two bollards oriented in line perpendicular to the direction
of impact. The connection was still similar since it implements load sharing members by piercing
them through holes cut in bollards and securing them in place with bolts to prevent movement of
the members through the holes. The connection design was weld free, and the bolts were only
required to be hand tightened; both features aid in constructability of the anti-ram barrier
(O’Hare 2012 “DS-SVAR Sign-M50 Report”).
The steel members that were impacted were two vertical HSS 203.2X203.2X15.9 (HSS
8x8x5/8) A500 Gr. B steel members. The members protruded above the top of the finished
foundation 1 m (39 in), and were separated by a clear distance, inside face to inside face of the
HSS members, of 1.2 m (47 in). Between the two vertical HSS members, transverse plates were
used to share the load. The steel structure was embedded in a concrete foundation with steel
reinforcement. For aesthetic considerations, additional components were used to cover the steel
structure. Figure 3-1 shows the barrier structure, without aesthetic components, before and after
the vehicle impact (O’Hare 2012 “DS-SVAR Sign-M50 Report”).

Figure 3-1: Described Two-Post Barrier Before and After Impact
Before testing the full-scale model, FE modeling in LS-DYNA was used to predict the
behavior of the barrier undergoing an M50 impact condition as defined by ASTM 2656 (ASTM
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2007). The effectiveness of the FE model to accurately predict the behavior of the barrier under
an impact condition was assessed in two ways. The first was a qualitative comparison of the FE
model to the full-scale test. It can be seen in Figure 3-2 that the FE model qualitatively predicted
the results of the vehicle impact by showing similar deformations in both the barrier and the
vehicle when compared to the full-scale test. Similar comparisons through the duration of the
impact were conducted using high quality, high frame rate videos of the full-scale test (O’Hare et
al 2013).

Figure 3-2: Qualitative Comparison of FE Model to Full-Scale Test of Two-Post Barrier
A more quantitative analysis of barrier behavior was completed using strain gauge
instrumentation of the barrier’s structural components. Strain gauge rosettes were placed on steel
components of the structure at various points of interest. Measured experimental data for strain
was compared to the strain indicated in the FE model at the corresponding location. Strain data
and strain integrated over time, an indication of total strain, is shown in Figure 3-3 and Figure 34, respectively. Comparisons involved maximum strain and maximum integrated strain, as well
as a general comparison of both data sets. Comparisons showed an accurate depiction from the
FE model of maximum values and initial vehicle impact behavior, with the main differences
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between the model and the experimental data being the final relaxation of the barrier (O’Hare et
al 2013).
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Figure 3-3: Comparison of LS-DYNA (FE Model) and Experimental Stain Data
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Figure 3-4: Comparison of LS-DYNA (FE Model) and Experimental Integrated Stain Data
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Another anti-ram barrier relevant to the connections investigated in this study was tested
at LTI’s crash test facility on June 15th 2011. Similar to the two-post barrier mentioned above,
the design was weld free with the exception of shear studs in its foundation. The barrier included
three vertical HSS203.2X203.2X15.9 (HSS8x8x5/8) A 500 Grade B steel bollards lined up
perpendicular to the direction of vehicle impact. Vertical members protruded 1 m (39 in) above
the top of the finished foundation. As with the previously described two-post barrier, transverse
plates between all vertical members were used to aid in load sharing between bollards. The plates
were pierced through holes cut through the vertical members and secured against sliding through
the holes with A490-X steel bolts. Also, similar to the previous test described, aesthetic
components could be placed on or around the structure above grade. The base of the structure
was embedded in a concrete foundation with steel reinforcement. Figure 3-5 shows the barrier
before and after impact (O’Hare 2012 “DS-SVAR Bus Stop-M50 Report”).

Figure 3-5: Described Three-Post Barrier Before and After Impact
A final relevant vehicle barrier test at LTI was completed on February 16th 2013. This
barrier was also weld free with the exception of shear studs in the foundation, and consisted of
five vertical bollards perpendicular to the direction of vehicle impact. The vertical HSS
152.4X101.6X12.7 (HSS 6x4x1/2) A500 Grade B steel members protruded 2.74 m (9 ft) above
the top of the finished foundation. Load sharing between vertical members was accomplished
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using a horizontal (HSS254X101.6X12.7) HSS 10x4x1/2 A500 Grade B steel member. This
horizontal member had holes cut through both of the larger faces at the location of each piercing
vertical bollard. The horizontal member was held at its desired elevation using A490-X steel
bolts through the bollards. Some aesthetic components were integrated directly into the structure
as shown, while others were added on to the structure after installation. Figure 3-6 shows the
barrier before and after impact (O’Hare 2013).

Figure 3-6: Described Five-Post Barrier Before and After Impact
This barrier was used as a basis for various design changes involving the HSS connection
described for this study. These possible designs are further described in Chapter 4.
3.3 Summary
The above sections summarize anti-ram barrier designs and full scale tests for validation
conducted at LTI that were relevant based on load sharing connections and member types used in
the barriers. FE models used at LTI to predict the behavior of the barrier show that the modeling
methods used provide results accurate enough to base further designs on model behavior. Many
of the modeling methods discussed in this chapter were used in FE models for this investigation,
and are described in detail in Chapter 5. The barriers described demonstrated the effectiveness of
the weld free load sharing connection and provided the design basis for the pierced HSS
connection described herein.
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Chapter 4: Prototype Structure Design, Parameters, and Evaluation Criteria
4.1 Overview
This chapter contains a description of the prototype structure that was designed and used
as a method to evaluate load sharing through the basic pierced HSS connection and HSS transfer
member behavior. As part of the background for using this prototype, design considerations from
past relevant anti-ram barrier designs at LTI are discussed. After taking into account past
relevant designs, a design method including load estimation and structure collapse mechanisms
was used to determine required member sizes. These member sizes were then varied
parametrically to facilitate the study of parameter changes on the prototype structure behavior.
Finally, an overview of the evaluation criteria that was used to investigate load sharing and
specific member performance through the parameter variations is discussed.
4.2 Relevant Testing Design Basis
The prototype structure and HSS connections were based on design considerations from
past tests at LTI. Shown in Figure 4-1 and 4-2 are renderings and schematics, respectively, of the
structural components for the five-post anti-ram barrier that was built and tested.
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Figure 4-1: Tested Anti-Ram Barrier Rendering

Figure 4-2: Tested Barrier Schematics
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The barrier design shown in Figure 4-1 and Figure 4-2 is of particular interest to this
study because earlier concepts for a barrier design, shown in Figure 4-3, involved the use of
vertical bollards behind those that would initially be impacted. This concept permitted load
sharing between multiple bollard rows, which would theoretically reduce section sizes or the
number of bollards in the attack row. This design, however, required the use of load transfer
members from bollards on the attack side to other bollards on the protected side.

Figure 4-3: Proposed Barrier Rendering
The problem with using this structural configuration became apparent when sizing the
load transfer members between the two lines of bollards. Given the impact loading on the barrier,
it was impossible to determine the member forces applied to the transfer member without
knowing the behavior of the connection. Depending on the size of the transfer member, one
practical connection method involved holes through the bollards along with securing bolts, or
holes cut in the transfer member so the bollards pierce through it. Both of these cases are shown
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in Figure 4-4. As discussed in Chapter 3, similar piercing connections were used in anti-ram
barrier designs at LTI, but not for load transfer parallel to the direction of impact.

Figure 4-4: Proposed Transfer Member Use in Barrier
Before implementing the connection in full barrier designs, as shown in Figure 4-3, it was
deemed beneficial to investigate the connection itself to study its behavior as a part of a full antiram barrier. This was done through analysis of idealized prototype structures which use the
pierced connection. This investigation used an idealized prototype structure to complete the
objectives described in Chapter 1with the evaluation methods outlined later in this chapter. This
idealized prototype structure is described in the next section.
4.3 Prototype Structure
As shown in Figure 4-5 the full prototype structure was designed with two vertical HSS
bollards with a horizontal HSS transfer member connecting the two bollards near the top. This
structure was chosen because it allowed for simplistic comparison of component geometries used
in the full barrier design, while still maintaining a basic geometry that matches previously tested
and successful barriers discussed in Chapter 3. It was also computationally less expensive to
examine than a full barrier model.
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Figure 4-5: Prototype Structure Rendering

Figure 4-6 Prototype Structure Schematics
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The center of the connection and horizontal centerline of the transfer member were
located 3.05 m (9 ft) above finished ground level. This elevation was chosen from past anti-ram
barrier geometries tested at LTI and described in Chapter 3. The protected side bollard was 1.52
m (5 ft) behind the attack side bollard with this spacing being chosen because it matched
proposed spacing between bollards from previous studies at LTI. A simplified energy method
based structural analysis indicated a maximum worst-case deflection of 1.31 m (4.3 ft) of the
front bollard, indicating that this spacing was also large enough to prevent bollard contact during
a crash.
As shown in Figure 4-6, the transfer member and bollards extended past the connection
zone by a clear distance D, which was the largest member dimension in the connection. This
distance was a conservative estimate of the required distance for local connection behavior to
dissipate loads generated during a crash event without localized failure and this estimate proved
sufficient as discussed in Chapter 6.
The example prototype structure in Figure 4-5 utilized connections in which the transfer
member pierced the bollards. Bolt locations, as detailed in Figure 4-7, matched those from past
barrier tests described in Chapter 3. The transfer member was secured in place with four bolts,
two in each end connection. The bolts passed through the transfer member and were aligned
close to the outside faces of each bollard. Since bolts were only put in place to maintain
connection geometry by preventing relative sliding of the members in the connection zones, they
were specified to be snug-tight after installation. The bolts used in the structure were 19.05 mm
(3/4 in) diameter A490 bolts, which were chosen from past anti-ram barrier designs.
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Figure 4-7 Prototype Structure Connection Details
The alternative basic connection involved the bollards piercing through the transfer
member. The transfer member was secured in place with eight bolts, four at each end connection.
The bolts passed through the bollards and were oriented such that the bolts were placed
horizontally and close to the outside faces of the transfer member. All other connection details
were the same as with the transfer member piercing the bollards. This basic pierced connection
variation is shown in Figure 4-8.
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Figure 4-8 Prototype Structure Alternative Connection Details
All holes in the structure were standard holes as defined by AISC. Standard holes were
small enough that geometry changes and local stresses caused by the creation of the holes or the
holes deforming during impact are kept to a minimum, but were still practical for installation
(AISC 2011).
Previous tests at LTI used vertical HSS members filled with concrete to provide
additional moment capacity. The connection in question, however, included geometries where it
was not feasible to ensure that concrete in the vertical member could be suitably filled in around
the connection. Due to this uncertainty, concrete was not considered within the connection zone
in this study.
4.4 Design Load
One of the main problems with designing a barrier to resist vehicle impacts is
determining a design load. While LS-DYNA can provide information to continue design
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iterations for an anti-ram barrier, it was important to begin initial designs with a relatively
accurate load. One possible method was to simply use the peak load from an impact force versus
time history of a vehicle impacting an infinitely stiff barrier. This method was conservative since
the peak impact load occurred for a very short period of time and the infinitely stiff barrier
amplified the load magnitude. This brought up another challenge with predicting the design load
on an anti-ram barrier, which is that the time history of the load on the barrier is dependent on
the barrier’s stiffness (Hu et. al 2011).
One less conservative method is based on a mass spring model and uses the deceleration
of the vehicle’s mass over its vehicle’s crushing distance as a peak initial design force (Harrison
2004). This relationship is shown in Equation 3.1:

ævö
Fpeak = 0.4mvç ÷
ècø

Equation 3.1

where: m is the vehicle mass; v is the impact velocity; and c is the deformation of the barrier. For
a rigid bollard being impacted by a small truck the v/c ratio can be assumed to be 1.0 (Huang
2002). This method was used to provide a conservative initial design estimate for anti-ram
barriers designed and tested at LTI. Given the conditions for an M30 impact condition, which
denotes a vehicle speed of 50 km/hr and mass of 15,000 kg, this estimate provided a peak force
of 800 kN (180 kip) (ASTM 2007). The M30 impact condition was chosen since it is the least
severe impact condition which still uses the vehicles used in full-scale tests at LTI. This
relatively low impact severity allowed for typical HSS member sizes to be used in the prototype
structure, therefore variations in member sizes could be significantly increased and decreased
without using impractical or unavailable sections. For preliminary calculations, the impact load
height on the structure was applied at the vehicle center of mass height of 864 mm (34 in) for the
medium duty truck model used at LTI and supplied by the NCAC (2011).
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4.5 Member Sizing and Parameters
After the prototype structure was designed to resist the estimated impact force, there were
three structure geometry variables that were investigated to study connection behavior and
prototype structure effectiveness. These included the size of the HSS members, the size of the
piercing openings in the connection zone, and orientation of the connection with respect to
piercing members. An additional input variable that was investigated was the severity of the
vehicle impact so that behavior changes that occurred with higher impact energies and strain
rates could be examined. Variable ranges and the combinations that were examined
computationally are presented below along with justification for each parameter selection.
4.5.1 Member Sizing
There were three members within the structure shown in Figure 4-5 that had different
geometries and orientations: (1) the attack side bollard, (2) the protected side bollard, and (3) the
horizontal transfer member. HSS member plastic member capacity was assumed to be the most
important parameter affected by member geometry changes for this study. This is because past
studies at LTI have shown that bollards undergo severe bending deformations upon vehicle
impact, and the design of the prototype structure induced severe bending moments and relatively
low axial forces.
A total of nine configurations of the prototype structures were examined, with each
version having differing member plastic moment capacities. These nine configurations allowed
for all combinations of relative plastic moment capacities in the HSS members to be
investigated.
Three plastic moment capacity cases were used for the bollards:
1. The attack side bollard had a larger plastic moment capacity than the protected bollard.
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2. The two bollards had the same plastic moment capacity.
3. The attack side bollard had a smaller plastic moment capacity than the protected bollard.
There were also three similar cases for the transfer member:
1. The transfer member had a larger plastic moment capacity than both bollards.
2. The transfer member had an intermediate plastic moment capacity.
3. The transfer member had a smaller plastic moment capacity than both bollards.
Combining each of the first three cases with each of the second three provided nine total
prototype structure designs. The combination that involved both bollards with equal plastic
moment capacity and a transfer member with an intermediate moment capacity was impossible,
since there is no intermediate value between two equal values. This reduced the possible
combinations for prototype structure designs to eight. As mentioned previously, each prototype
structure was also tested with three different impact speeds, producing 24 total investigations for
the eight impact structures. A summary of each combination for relative plastic moment capacity
is shown in Table 4-1.
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Table 4-1: Moment Capacity and Impact Severity Variations
Bollard Relative
Plastic Moment
Capacity

Attack Side
Bollard Capacity
is Larger (Group
A)

Both Bollards
Have Same
Capacity (Group
E)

Attack Side
Bollard Capacity
Is Smaller (Group
P)

Impact Speed per
ASTM 2656 for
Model Designation
Mid-Sized Truck
(mph)
30
AL30
Larger Than Bollard
40
AL40
Capacity (Group L)
50
AL50
30
AM30
Intermediate Capacity
40
AM40
(Group M)
50
AM50
30
AS30
Smaller Than Bollard
40
AS40
Capacity (Group S)
50
AS50
30
EL30
Larger Than Bollard
40
EL40
Capacity (Group L)
50
EL50
30
N/A
Intermediate Capacity
40
N/A
(Group M)
50
N/A
30
ES30
Smaller Than Bollard
40
ES40
Capacity (Group S)
50
ES50
30
PL30
Larger Than Bollard
40
PL50
Capacity (Group L)
50
PL60
30
PL30
Intermediate Capacity
40
PL40
(Group M)
50
PL50
30
PL30
Smaller Than Bollard
40
PL40
Capacity (Group S)
50
PL50
Note: N/A indicates combination is impossible to design
Horizontal Transfer
Member Relative
Capacity

Also indicated in Table 4-1 are the model designations. The first letter of the naming
convention indicated the relative plastic moment capacity of the bollards, with ‘A’ indicating a
larger attack side bollard, ‘E’ indicating equal bollard sizes, and ‘P’ indicating a larger protected
side bollard. The second letter of the naming convention indicated the relative plastic moment
capacity of the transfer member, with ‘L’ indicating a larger plastic moment capacity than the
bollards, ‘M’ indicating an intermediate plastic moment capacity, and ‘S’ indicating a smaller
plastic moment capacity. The two numbers indicated the impact severity speed used for the M30,
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M40, and M50 impact conditions. For example: the prototype structure with a larger attack side
bollard, smaller transfer member, and impact condition of M40 was denoted as ‘AS40’.
If the prototype structure was simplified into an impact load and collapse mechanism, and
plastic moment capacity levels were used as described previously, certain collapse mechanisms
became the likely global behavior of the structure. These collapse mechanisms are indicated in
Figures 4-9 and 4-10. In these simple mechanisms, the basic HSS connection was assumed to be
either fully restrained for moment transfer, or simple, meaning no moment is transferred at all.
The actual connection was expected to behave with some level of partial moment restraint
between the two assumptions. By combining these behavioral understandings with a simple
connection assumption and a point load representing the vehicle impact, the following two
collapse mechanism possibilities, shown in Figure 4-9, were determined.

Figure 4-9: Collapse Scenarios with Simple Connection Assumption
Assuming a fully restrained connection and a point load representing the vehicle impact, the
following three collapse mechanism possibilities, shown in Figure 4-10, were determined.
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Figure 4-10: Collapse Scenarios with Fully Restrained Connection Assumption
It should be noted that for all cases, the bottom of each bollard at the finished grade level
was considered a rigid connection. This assumption is supported by results from previous crash
tests at LTI. As shown in Figure 4-11 the interaction between the post shows that the member
bent and deflected before it began to rotate at the foundation connection point, tear out of the
foundation, or induce rigid body rotation of the entire foundation.

Figure 4-11: Plastic Hinge at Foundation
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These plastic collapse cases were used to design the prototype structure for the estimated
M30 impact load. The analysis of these collapse scenarios indicated that the prototype structure
with equal bollard sizes and a smaller transfer member plastic moment capacity, model ES from
Table 4-2, was the governing case. This was because in all other plastic moment capacity
combinations, one or more members were increased from the size required by the collapse
analysis to meet the relative plastic moment capacity variations outlined in Table 4-1. The plastic
collapse analysis was also used to predict the behavior of the plastic moment capacity
combination used in each prototype structure. Table 4-2 contains a summary of the expected
collapse case for each plastic moment capacity combinations, along with an indication of the
governing design case, highlighted in grey.

44
Table 4-2: Expected Collapse Cases for Plastic Moment Capacity Combinations
Bollard Relative
Plastic Moment
Capacity

Horizontal Transfer
Member Relative
Capacity

Expected Collapse
Scenario (Simple
Connection Assumption)

Expected Collapse
Scenario (Rigid
Connection
Assumption)

Model Designation

Larger Than Bollard
Capacity (Group L)
Attack Side Bollard
Capacity is Larger
(Group A)

Intermediate Capacity
(Group M)

Scenario 5
Scenario 1

Smaller Than Bollard
Capacity (Group S)
Larger Than Bollard
Capacity (Group L)
Both Bollards Have
Same Capacity
(Group E)

Intermediate Capacity
(Group M)

Scenario 4 or 5

N/A

Smaller Than Bollard
Capacity (Group S)

N/A

Scenario 4 or 5

Larger Than Bollard
Capacity (Group L)
Attack Side Bollard
Capacity Is Smaller
(Group P)

Scenario 1

Scenario 4

Intermediate Capacity
(Group M)
Smaller Than Bollard
Capacity (Group S)

Scenario 4 or 5

AL30
AL40
AL50
AM30
AM40
AM50
AS30
AS40
AS50
EL30
EL40
EL50
N/A
N/A
N/A
ES30
ES40
ES50
PL30
PL50
PL60
PL30
PL40
PL50
PL30
PL40
PL50

Note: N/A indicates combination is impossible to design

To complete the design of each prototype structure, two additional considerations were
included. First, when one member pierced another, the pierced member was given an outside
dimension 50.8 mm (2 in) larger than the piercing member. This was done for two reasons: (1) to
allow for the piercing hole to be in the workable flat of each member, and (2) to allow for the
connection bolts to have some flat bearing area in the connection. Second, member sizes were
held constant, when possible, across each plastic moment capacity combination. For example, in
each transfer member that has a larger plastic moment capacity than the bollards, the transfer
member size remains the same despite variations in other members. This was done to allow for
the evaluation of the effects of changing one member’s plastic moment capacity without
inducing behavior differences from changing other members. Finally, the HSS members were
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assumed to be A500 Gr. B steel, with a yield stress, Fy, of 317 MPa (46 ksi). This material is
common for HSS members and has been used for tests conducted at LTI (AISC 2011). Specific
member sizes used in each prototype structure are summarized in Appendix A.
4.5.2 Connection Geometry
Piercing hole sizes for the HSS members could also affect the behavior of the connection
and structure. Typically, standard hole sizes are used as defined by the AISC Steel Construction
Manual (2011), which requires a hole 1.59 mm (1/16 in) larger than the bolt or member passing
through it. Anything larger than a standard hole is possible, however, for a standard 19.05 mm
(3/4 in) diameter bolt, the maximum size for an oversized bolt hole is 23.81 mm (15/16 in), or
4.76 mm (1/8 in) larger than the standard size (AISC 2011). Therefore one additional study from
Table 4-1 was reexamined so that the effects of hole size on impact behavior could be studied.
Three different sizes provided enough information to determine if no change seemed evident.
Based on ASIC criteria (AISC 2011), the holes were selected as 1.59 mm (1/16 in), 3.18 mm
(1/8 in), and 4.77 mm (3/16 in) larger than the piercing member, as shown in Table 4-3.
Table 4-3: Hole Size Variations
Hole Size Test Case
Bollard Relative
Plastic Moment
Capacity

Horizontal Transfer
Member Relative
Capacity

Hole Size

Standard [1.5875 mm (1/16 in)]
Both Bollards Have
Same Capacity
(Group E)

Smaller Than Bollard
Capacity (Group S)

Oversized [3.175 mm (2/16 in)]
Oversized [4.7625 mm (3/16
in)]

Designated Model
Name
ES30
ES40
ES50
ESover130
ESover140
ESover150
ESover230
ESover240
ESover350

These increases were explored because larger hole sizes may be specified for ease of
construction or may occur due to fabrication error.
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In addition to studying piercing hole size, one additional set of analyses was used to study
transfer member orientation. As mentioned in Chapter 1, there were two similar possibilities for
connecting the bollards and the transfer member. One possibility specified the transfer member
piercing the bollards, while the other specified piercing the bollards through the transfer member.
Figure 4-4 indicates these two possibilities. Prototype structures were designed using the
variation with the bollards piercing the transfer member; the additional study on member
orientation used the transfer member piercing through the bollards variation. This change in
design was examined because it may be required if multiple pierced HSS connections are
combined. The variations of member piercing were investigated with all other parameters
remaining the same. Table 4-4 indicates the conditions for these two models.
Table 4-4: Transfer Member Orientation Variations
Bollard Relative
Plastic Moment
Capacity

Both Posts Have
Same Stiffness

Horizontal Transfer
Member Relative
Capacity

Pass Through
Bollard Peirces Transfer
Member (Same as other cases)

Less Stiff Than Post
Transfer Member Peirces
Bollards

Designated Model
Name
ES30
ES40
ES50
ESin30
ESin40
ESin50

4.6 Performance Evaluation Criteria
Sections 4.6.1 and 4.6.2 describe how data provided from the prototype structure models
was examined to determine the effectiveness of load transfer and provide member size
refinement guidance. These evaluation tools were selected based on needs from past design
possibilities using the connections discussed in Chapter 3. Specifically, the overall goals were to
determine connection behavior to confirm or adjust the plastic collapse analysis method used,
use this behavior to provide member size refinement recommendations, and investigate the loads
applied to each bollard as a measure of load sharing effectiveness.
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4.6.1 Member Force Evaluation
While FE models of the prototype structure were largely constructed to capture local
connection behavior and its effect on the structure, examining member forces in the structure
was also important to assist with measuring overall member and cross section behaviors. These
internal forces were determined at various cross sections in the structure as shown in Figure 4-2
and they included bending moment, axial force, direct shear, and torsion.

Figure 4-12: Beam Information Cross Sections
Three cross sections were investigated for the horizontal transfer member: one at midlength between the bollards and two near each end. End sections were located at a distance equal
to the largest dimension of the connecting members to avoid localized effects influencing
calculated forces. Transfer member forces were of interest for two reasons: (1) bending moment
variation along the member provided information on levels of connection restraint; and (2) the
transfer member was required to be checked for combined loading considerations. As discussed
previously, the member was simplistically designed based on its plastic moment capacity and,
while it is recognized that actual members are subjected to a variety of loads, using this approach
provided for an easy member examination and selection method for future anti-ram designs. The

48

efficacy of this approach was examined by estimating the percentage of combined loading
capacity used as a function of the available combined loading capacity. Details of this capacity
comparison are discussed with the results presented in Chapter 6.
In the bollards, one location at the bottom of the post where it meets the foundation was
used. The locations in the bollard were chosen because the main goal of using the basic pierced
HSS connection and transfer member was to transfer forces from the attack side bollard to the
protected side bollard. As indicated previously, bending was the most prominent member force
throughout the barrier, so base moment provided a means of measuring overall impact forces
shared between the two bollards. The moment time histories throughout the impact and the
maximum bending moment at the base of the bollard were compared between each prototype
structure. These comparisons were used to evaluate which combination of plastic moment
capacities or other changes to the prototype structure were the most efficient for moment transfer
(Hallquist 2006).
4.6.2 Bollard Internal Strain Energy
While load transfer between the attack side and protected side bollards, which manifests
itself as base moments in the bollards as described above, was the main method used to evaluate
the effectiveness of load sharing in the prototype structure, strain energy generated in the
bollards and calculated by LS-DYNA as part of the model solution provided another means for
assessing load sharing effectiveness (Hallquist 2006). Internal strain energy was chosen as an
additional measure for evaluating load sharing effectiveness since anti-ram barriers are
ultimately designed to resist energy from the vehicle impact (Hu et al. 2011) and effective load
transfer between bollards would cause both to undergo elastic and plastic strains as they share
vehicle impact energy.
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4.6.3 Collapse Mechanism Evaluation
An additional examination of the performance of each proposed prototype structure was
accomplished through a comparison to the basic collapse mechanisms presented in Figures 4-8
and 4-9. This was done with two methods: (1) a qualitative comparison of the deflection in the
prototype structure to the expected collapse mechanisms, and (2) local checks for plastic
behavior occurring at expected locations based on the collapse mechanisms. The combination of
both inspection methods provided two types of useful information: (1) information on whether
the connection behaved as a moment or simple connection, depending on which collapse
scenarios it matched, and (2) information on whether the collapse scenario occurred when it was
expected. Based on past tests at LTI, it was expected that the connection would behave similar to
a fully restrained connection.
4.7 Summary
In this chapter a prototype structure that makes use of the basic HSS connection being
investigated is described. The prototype structure was based on past anti-ram barrier designs
modeled and tested at LTI, and designed for ease of use in determining connection behavior.
Parameters for various components of the structure were changed to include combinations of
interest, including HSS member plastic moment capacity, connection hole size, and connection
orientation, used to examine specific behavior. Evaluation criteria are discussed and involved
member forces in the steel HSS members, which were used to evaluate various parameter
changes in relation to producing an effective design, and collapse mechanism observation, which
was used to evaluate overall behavior.
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Chapter 5: Finite Element Model Details and Validation
5.1 Overview
In this chapter LS-DYNA modeling techniques to incorporate the requirements and
recommendations of past chapters are described. Details related to the finite element models that
were created, such as their material models, element sizes, contact algorithms, and boundary
conditions, are discussed. A model validation overview, which included static and dynamic
evaluations along with comparisons to full scale crash testing, is also provided.
5.2 Finite Element Modeling
The specific modeling details for each component in the structures being examined are
provided below. LS-DYNA uses a keyword-based system for input (LSTC 2007) and the
presented information provides specifics and reasoning behind input information provided for
the selected LS-DYNA keywords.
5.2.1 Element Types and Discretization
Shell elements were chosen for HSS members based on past literature. As discussed in
Chapter 2, shell elements are more computationally efficient than solid elements and in cases
where thin plates or thin member walls are involved, less prone to causing over stiffness in the
model. Also, when local connection behavior may rely on small geometry features, shell
elements are more capable of modeling the geometry (Taufik et al. 2011). Additionally, shell
elements were successfully used to represent HSS members in past models for LTI.
The mesh size used for the steel HSS members was determined from past modeling
experience, LS-DYNA meshing capabilities, practicality, and compatibility with selected contact
algorithms. Previous moment connection computational studies discussed in Chapter 2 and
previous computational studies at LTI that investigated vehicle impacts with similar connection
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methods used four node shell elements with a maximum size of approximately 25.4 mm by 25.4
mm (1 in by 1 in) to a minimum size of approximately 6.35 mm by 6.35 mm (.25 in by .25 in).
This mesh size was selected with a refined mesh in the connection zones to adequately reflect
hole sizes and gaps. A lack of refinement would cause geometry issues with the elements, as
indicated in Figure 5-1.

Figure 5-1: Mesh Size Considerations for Gap and Contact Modeling
To aid in model run times, the maximum mesh size used in past LTI tests was used in
areas away from expected local connection behavior, while the minimum mesh size was used in
areas with small connection features. In order to use the maximum mesh size at locations where
no local connection behavior was expected, a transition area in the HSS member was necessary.
Figure 5-2 shows the transition from the refined mesh used in the connection area, to the coarser

52

mesh used in the rest of the HSS members. A similar discretization was used in the transfer
member.

Figure 5-2: Bollard Mesh Transition Area
Belytschko-Tsay quadrilateral shell elements were selected to represent steel in the HSS
members. Their formulation is based on the Hughes et al. (1978) element, but uses one
quadrature point and hourglass control. The use of one point quadrature enhances computation
time compared to reduced integration elements and is formulated to accurately represent large
deflection, nonlinear impulse loading cases where the computational efficiency is of particular
importance. The Belytschko-Tsay element has also been shown to accurately avoid over
stiffening in shell elements while maintaining computational efficiency (Belytschko et al. 1984).
Since vehicle impacts involve large deflection and impulse loading cases, with strain rates
approaching 100 s-1, the Belytschko-Tsay element has been used in models for LTI and was used
in this study. Most shell elements, including the Belytschko-Tsay element, use a first order shear
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deformation theory, which causes incorrect traction forces at the top and bottom of the shell
elements. A shear correction factor was used to account for this assumption and is recommended
as set equal to 5/6 for isotropic materials (Hallquist 2006). The number of integration points
through the element thickness was set at 3 points, which is the minimum number of integration
points required to account for bending of the element (Bala and Day 2011).
Elements that use single point integration, like those chosen for use in this study, were
subject to a zero energy deformation mode known as hourglassing. Hourglass deformations are
orthogonal to the strain calculations used for these elements by LS-DYNA, so work done by the
hourglass mode is not considered in the model’s energy equations. This loss of energy can affect
model accuracy, especially when large amounts of energy are required to be dissipated, as is the
case in a vehicle impact (Hallquist 2006). Additional formulation techniques for solid and shell
elements can be used to account for these zero energy modes, however, default hourglass settings
in LS-DYNA may not be accurate enough for vehicle impact models where large deformations
are common (Schewer et al. 2005). Instead the Flanagan-Belytschko stiffness form hourglass
control with exact volume integration is recommended, and was used in this study for use with
metal materials and high velocity impacts and deformations (Bala and Day 2011 and LSTC
2007). An hourglass coefficient of 0.03 was used for metal materials to avoid hourglass
instabilities without causing an overly stiff locking response in the elements (Bala and Day
2003).
The element thickness depended on the thickness of the HSS member which was
modeled. In the 3D model space, the shell elements are 2D and have no visual or graphical
thickness; it is instead included as part of the shell element formulation (LSTC 2007). In this
model the location of the shell elements represented the middle surface of the HSS member
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which was modeled. This is the default setting in LD-DYNA for shell elements; however, it was
specifically chosen for this study to accommodate component interaction as described later in
this chapter. Figure 5-3 indicates how the HSS member thickness was represented by shell
elements.

Figure 5-3: Example of Shell Element Offset
Bolts were modeled in past studies using solid elements and beam elements as discussed
in Chapter 2. Past LTI models used rigid ties or nodal coupling to represent bolts restraining
member movement and have successfully predicted global barrier behavior. Modeling the bolt
and nut as a single part using solid models has shown to be effective for simulating bolt failure
and sliding interfaces between bolts and other metal surfaces, with the bolt being modeled using
constant stress formulations and a material model that incorporates material failure criterion
(Narkhede 2011). Here, the bolt shaft, head, and nut were modeled as a single solid part using 8
node hexahedron, constant stress, solid elements. Figure 5-4 shows the solid mesh geometry for
the bolt head, shank, and nut.
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Figure 5-4: Solid Element Bolt Mesh
It should be noted that initial bolt modeling techniques involved a more regular,
symmetric mesh, with smaller elements for each bolt. This extremely regular mesh, combined
with the smaller mesh size, induced severe hourglassing problems in the bolts. The bolt mesh
shown in Figure 5-4 was still subject to some hourglassing in the shank; however, the bolts were
stable enough to still allow for an accurate model.
The solid constant stress element was used based on literature discussed in Chapter 2,
which uses a similar element formulation, but with a different FE analysis code. The constant
stress hexahedron element formulation provided in LS-DYNA uses single point integration;
therefore it was computationally more efficient and less prone to stiffness locking for large shear
deformations (Hallquist 2006). The single point integration in solid elements requires hourglass
mode control. Similar to shell elements, the Flanagan-Belytschko stiffness form hourglass
control with exact volume integration is recommended, and was used for this study, for use with
metal materials, automotive impacts, and large deformations in solid elements (LSTC 2007,
Schewer et al. 2005).
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5.2.2 Material Properties
Material properties of steel vary depending on strain rate. In the case of vehicular
collision, strain rates from 100 s-1 to 104 s-1 are typical (Wiesner and MacGillivray 1999).
Because of the change in material properties due to strain rate, it was important to correctly
interpret the material behavior of steel in the area of impact or other areas in an FE model that
are undergoing high rates of deformation (Luecke et al. 2004).
Strain rate effects on steel can be modeled in various ways using piecewise linear
plasticity constitutive models supplied by LS-DYNA. Three constitutive modeling approaches
that account for strain rate effects in metals are available in LS-DYNA: Cowper-Symonds (CS);
Johnson-Cook (JC); and Zerilli-Armstrong (ZA) (Dietenberger et al. 2005, Johnson and Cook
1983). Material Model 15, the JC Plasticity model, can account for strain-rate effects, material
failure, equations-of-state, and thermal effects (Cowper and Symonds 1958). Material Model 65,
the ZA (Rate/Temp Plasticity) material model, can account for strain-rate effects, equations-ofstate, and thermal effects (Zerilli and Armstrong 1987). CS relationships help to account for
strain rate effects in material Model 18, Power Law Plasticity (Isotropic), and Material Model
24, Piecewise Linear Plasticity (LSTC 2007). While material Models 15 and 65 are specific to
the JC and ZA methods specifically, Model 18 and Model 24 can use a variety of strain rate
methods, including CS. Both models that use the CS equations to address strain rate effects
cannot account for temperature effects, however, they can account for material failure (LSTC
2007). Studies on high strength and mild steel samples have shown, however, that Models 18 and
24 can accurately represent steel undergoing high strain rate loading (Rabbani et al. 2009).
Models at LTI have effectively used Model 24 in conjunction with a strain rate scaling method
provided by Malvar (1998) to accurately depict strain hardening in HSS members undergoing
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vehicle. Malvar studied dynamic increase factors for various grades of steel and various strain
rates within the 10 to 100 s-1. The dynamic increase factors account for the increase in yield
stress that occurs with the increase in strain rate. Given the success of LTI models using this
method to account for strain hardening, the same method was used here. Material Model 24 was
also used to incorporate user-defined data to establish stress vs. engineering strain curves (LSTC
2007).
To depict plastic behavior in components, Material Model 24 uses a true stress and true
strain relationship after the material has yielded. Coupon tests were conducted to help define
HSS material properties on steel that has been used in crash tests at LTI, and this data was used
in material modeling for this study. Representative results from these tests, converted to true
stress and true strains for input into LS-DYNA, are displayed in Figure 5-5.

Figure 5-5: Material Properties for HSS Members from Coupon Tests
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The HSS members used in this study were assumed to be A500 Gr. B steel, with a yield stress,
Fy, of 317 MPa (46 ksi). This material is the industry standard for HSS members, and was used
for tests conducted at LTI (AISC 2011).
5.2.3 Component Interaction
Physical contact between different components in the FE models was represented using
various coupling approaches available in LS-DYNA. Contact algorithms were applied to
represent the physical interaction between two parts as mathematical constraints to elements and
nodes. Past studies indicated that contact algorithms can be used in FE models to accurately
model steel member interaction. Both Citipitioglu (2001) and Sabuwala (2001) used a masterslave contact search algorithm to directly model interaction between steel components and bolts
or other steel members. Sabuwala (2001) cites the ASM Handbook, V18 (1990), in relation to
the selection of a static friction coefficient of 0.31 for steel on steel contacts. Citipitioglu (2001)
cites the AISC Steel Manual (2011) when selecting a static friction coefficient of 0.33, which is
the friction coefficient for Class A surfaces. Since the AISC manual applied to the scope of this
study and the connections were assumed to be Class A surfaces with mill-scale, a static friction
coefficient of 0.33 was selected (AISC 2011).
The selected contact was an automatic surface to surface contact and uses a master-slave
algorithm as described in Chapter 2, which checks a slave set of nodes against a master surface
or surfaces for penetration or sliding that would induce friction. LS-DYNA uses specific
algorithms for checking geometric penetrations such as a node passing through a 2D shell
element. Any penetration or sliding friction was applied to the model as a restraint to the nodes.
The penalty method was used instead of a “soft” constraint method, as defined in LS-DYNA,
since the materials in contact were similar (Bala and Day 2006, LSTC 2007).
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One problem with using the contact algorithms in LS-DYNA was that, when accounting
for shell element thickness, the shell thickness was extended past the element edge in all
directions. This extension is shown in Figure 5-6.

Figure 5-6: Element Thickness Offset Considered for Contact Algorithms
This extension was easily accounted for in HSS member to HSS member interaction, where the
hole size was increased by the shell thickness size. This extension caused a problem for bolt
holes, however, where the bolt was loaded in tension. Small FE test models were completed to
check the interactions of the bolts with shell members using these contact algorithms. The
configuration of these tests is shown in Figure 5-7. The models involved fixing both ends of the
tube and applying forces to the bolt in various directions while using the mesh to represent
different hole sizes.
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Figure 5-7: Bolt Interaction Test Model
The basic test models indicated that correct bolt interaction was modeled by using a hole size
which accounted for the thickness extension past the edge of the shell element, with only minor
stiffness problems when the bolt head was loaded in tension and resists pulling through the
member. This was only problematic for the validation model, described below, where this
behavior occurs and causes some under stiffening in the overall model. In the prototype structure
models bolts and members typically only interacted through the shank, with little to no forces
pushing the bolt through the hole.
5.2.4 Boundary Conditions
As discussed in Chapter 4, a fixed boundary condition was considered for the base of the
bollard where it meets the foundation members. This boundary condition was applied to the
bottom nodes of both HSS bollards. A fixed translation and fixed rotation restraint for all degrees
of freedom was applied to the nodes. These restraints in the FE model represented the fixed
connection with the foundation as previously discussed. Additionally, a rigid boundary plane was
created at the same elevation as the bottom of the bollards. This plane represents the finished
grade around the barriers, and was put in place to prevent any part of the vehicle from moving
below grade in the FE model.
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5.3 Vehicle Model
The vehicle model was originally from the NCAC online vehicle model archive as
described in Chapter 2. The vehicle model has been validated by the NCAC against full-scale
crash tests and via other FE vehicle barriers studies that used the models (NCAC 2010). The FE
vehicle model used for this study represented the M30, M40, and M50 impact conditions (ASTM
F2656). The NCAC FE model was chosen because of its extensive validation against crash data,
as well as use in other vehicle barrier FE studies. The model consisted of beam, shell, and solid
elements, with FE part geometries created from dismantling the actual vehicle, scanning each
vehicle part, and representing the part with an appropriate FE mesh. Each part in the model was
assigned appropriate material modes.
The model was validated by comparing the FE model mass, rotational inertias, and center
of gravity locations to the same data for an actual vehicle. The impact behavior of the vehicle
was also compared to full-scale impact tests using qualitative methods and quantitative analysis
of the acceleration of various points in the model and impact forces in the vehicle and barrier.
The FE model was also checked using FE model simulation energy, which checks internal
energy, kinetic energy, sliding energy, and hourglass energy, to check the conservation of total
energy in the FE model (NCAC 2003). Additional changes were made to the model by LTI to
increase accuracy of the model based on past full-scale tests. Figure 5-8 shows the full vehicle
model.
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Figure 5-8: Full FE Vehicle Model
5.4 Analysis
Both the FE parts of the barrier and vehicle were combined into one model that uses
various keywords to control the analysis completed by LS-DYNA. These analysis controls
included initial conditions, model time step and run time conditions, as well as energy
calculation controls.
The initial conditions included the initial translation velocity of the vehicle, as well as
tire and wheel initial translation and rotation velocities. This ensured that the vehicle had the
correct kinetic energy, as well as a representation of rotational momentum in the vehicle tires.
The model run conditions included set parameters for the termination time and time steps
for the model. Based on past analyses completed by LTI, the total analysis time was set to 0.5
seconds. Since the model initially began with the vehicle extremely close to the barrier, this
equated to approximately 0.5 seconds after vehicle impact. The 0.5-second run time proved to be
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sufficient for maximum force and maximum vehicle penetration into the barrier to be shown.
Initial time step estimation was prompted by LS-DYNA, and a reduction factor for scaling
analysis time steps from the initial estimate was selected as 0.1. The time step scale factor was
shown to be effective for adequate model convergence. The minimum time step limit was set as
2.26x10-6 seconds, also following previous modeling procedures established by LTI.
To accurately monitor sliding friction and to prevent hourglass energy modes, energy
calculations were included in the model. Hourglass mode energy and sliding interface energy
dissipation were included for greater model accuracy, despite a loss in computational efficiency
(LSTC 2007). These values were also important for dynamic validation of each model described
below.
5.5 Post Processing
Post processing of the model was used to separate useful data for evaluating the
connection from the full data output of the entire FE model. LS-DYNA was prompted to store
selected data from selected areas, and avoid excess data for model run time and computational
storage reasons. Stored data from LS-DYNA analyses included section forces such as axial
force and shear force in global directions, which were output to a time history file (LSTC 2007).
Data produced from the shell elements away from the connection zone was decomposed
into desired data such as bending moment, axial force, and shear forces. Node sets were created
for the member locations of interest as indicated in Figure 5-9. LS-DYNA cross sections were
used to convert local shell element forces at planes defined by the node sets into global forces
and moments.
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Figure 5-9: Beam Cross Section and Nodal Forces
None of the cross section locations chosen were deformed enough to cause problem with the LSDYNA sections used for calculating member forces.
In finding a solution for the FE model, the time step used by LS-DYNA was not the
interval at which data was output. Time intervals were set for visual output plots and cross
section data output to allow for accurate data, while keeping output manageable for processing
and conserving storage space. Since visual output plots of the vehicle and barrier were only used
for observing general behavior and require significant amounts of storage space, an output
frequency of 80 Hz proved sufficient to observe qualitative behavior. For member force cross
section output, a much higher frequency was required to provide accurate data. As discussed in
Chapter 6, the prototype structure encountered vibrations shortly after impact, which were seen
in the transfer member as a varying bending moment. If the output frequency was not high
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enough, the output data would not have shown the correct variations or peak values. This
behavior, known as aliasing, is shown in Figure 5-10, which shows the transfer member bending
moment data for various output frequencies.

Figure 5-10: Transfer Member Moment Output Indicating Aliasing
Figure 5-10 clearly shows that with an output frequency of 80 Hz, moment peak values
and additional fluctuations in moment were clearly missed. At an output frequency of 320 Hz, all
vibrations were indicated; however, some peak values were still missed. Figure 5-11 shows the
same data over a shorter interval, clarifying missed peak values at the 320 Hz sampling rate.

Figure 5-11: Transfer Member Moment Output from 0 to 0.15 Seconds
While Figure 5-11 shows that the 320 Hz output rate missed peak values, the 640 Hz and
1280 Hz output rates show identical behavior. Between the 320 Hz output rate and 640 Hz
output rate, there was a 23% change in peak moment, while between the 640 Hz output rate and
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the 1280 Hz output rate there was no change in peak moments. In order to maintain output
accuracy, but allow for manageable data processing and storage space requirements, the 640 Hz
output interval was used for all cross sections.
5.6 Model Checks and Validation
FE modeling methods discussed above have been extensively validated against full scale
crash tests at LTI and have been proven to model vehicle impact behavior accurately enough to
make design refinements in anti-ram vehicle barriers. Additional validation methods were used
with the current study to check and validate the model independent of tests at LTI. The initial
model check procedure involved examining test cases of specific components and the full
structure subjected to static loads. After those models were shown to accurately depict static
behavior, a dynamic check of the entire model, involving total model energy in LS-DYNA,
occurred. Finally, the selected connection model was validated against connection tests from the
literature.
5.6.1 Static and Dynamic Model Checks
Two methods were used to establish if selected elements and levels of discretization,
material models, and methods used to represent interaction between components in the prototype
structure accurately represented static behavior. The first check investigated if selected shell
elements and their discretization levels did not artificially over- or under-stiffen the FE model. It
involved modeling a pushover test of a single HSS bollard fixed at its base and comparing
deflections and internal forces at critical locations against static equilibrium calculations. Load
was applied at the same height as the centerline of the transfer member in the full prototype
structure and its magnitude was selected to apply a moment at the base that would initiate first
yield in the extreme fibers of the bollard cross section. Comparisons between member forces in
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the FE model and hand calculations indicated a difference of less than 5% when compared
against predicted deflections. These initial static comparisons indicated that the FE model was
slightly stiffer than response of the system predicted using the hand calculations.
Qualitatively, initial plastic strains at the base of the bollard were shown in the FE model,
as expected from the magnitude of load applied. The material model used in the FE analysis
accounts for strain hardening in the material. Since static calculations assume perfectly elastic
behavior, it is possible that some of the lack of deflection in the modeled member was caused by
the strain hardening behavior at the bollard base.
The second method used a push down test of the prototype structure FE model to
investigate whether interaction between components in the model, such as the transfer member
and bollards, was being adequately represented by the model in the elastic range. A downward
vertical load was applied at mid-span of the transfer member and results were again compared to
hand calculations. The applied load magnitude was selected to generate a moment at the center
of the transfer member that would indicate first yield in the extreme fibers of the member cross
section. Hand calculated deflections at the center of the transfer member were compared to those
provided by the FE model with a maximum discrepancy being less than 8%; the FE model being
less stiff than the hand calculation model.
As stated earlier, the FE models that were developed included gaps in the piercing hole to
accommodate piercing hole size and shell element modeled thickness. As a result of these
modeling decisions, the transfer member did not deflect significantly enough to cause contact on
the other side of the bollard due to the static push down load. The lack of contact between the
bollard and transfer member in the FE models resulted in transfer member behavior that more
closely resembled that of a member connected at it ends, while also showing the expected
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deflection behaviors at the connection and contact points within the 8% maximum discussed
previously.
Finally, each model in the parametric study can use FE simulation energy to
mathematically check the model under dynamic loading. If the model was analyzed correctly in
LS-DYNA, the total simulation energy in the model should remain constant through all analysis
time steps. This simple check for each model has been used with FE models at LTI, vehicle
model validation for NCAC vehicle models (NCAC 2011), and other studies using LS-DYNA to
investigate dynamic material properties (Yang and Qiao 2005). It is also recommended that
hourglass energy lost to element hourglass modes be less than 10% of the total model energy for
acceptable model accuracy (Bala and Day 2011). While this check was performed for each
model, a representative total energy plot is shown in Figure 5-12.

Figure 5-12: Example FE Model Energy Output for Energy Check
Figure 5-20 shows that the FE model total energy shows a slight decrease due to sliding interface
energy, which was included in model calculations, but not output with other model energies.
Additionally, the maximum energy lost to hourglass modes was 2%, which was well under the
recommended maximum. This energy check indicated that LS-DYNA was producing a viable
mathematical solution for the vehicle impact model.
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5.6.2 Full Scale Test Validation
As indicated in Chapter 3, no FE models or full scale tests of anti-ram barriers designed
at LTI have used piercing connections above grade and between HSS member parallel to the
direction of attack to assist with load sharing. While general modeling techniques have been
extensively validated at LTI, it was necessary to compare specific modeling methods pertaining
to the examined HSS connection against full-scale test data to ensure that the model was
accurately representing connection behavior. Specifically, there was a need to validate modeling
methods for interaction between element faying surfaces in the connection zone and interaction
between fasteners and structural components.
Past research has examined the accuracy with which finite element models that included
faying surface interaction and fastener details predicted actual connection performance. One
study examined bolted steel beam to column seat and clip angle connections as recreated from
Kasai et al. (2000) in Figure 5-13.

Figure 5-13: Semi-Rigid Beam to Column Connection (Kasai et al. 2000)
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Investigation of this connection included full scale testing and FE modeling in ABAQUS. FE
model performance was validated against full-scale test data by comparison of moment-rotation
curves between the FE models and full-scale tests. Representative data from the moment
rotation-curves is reproduced from Kasai et al. 2000 in Figure 5-14.

Figure 5-14: Moment-Rotation Curve Test Results (Kasai et al. 2000)
The connection from Figure 5-13 was modeled in LS-DYNA using methods described
previously along with loading and boundary conditions as discussed by Kasai et al. (2000).
Figure 5-15 shows the full connection geometry modeled with shell elements in LS-DYNA. As
shown, the mesh was highly refined in the connection area. This was done for two reasons: (1) it
matched the element discretization size used in the prototype structure models, allowing for an
accurate validation of the actual modeling techniques used, and (2) it enabled the mesh to
accurately represent the detailed geometries in the connection area. Also, similar to the modeling
techniques discussed above, a coarser mesh was used in areas away from the connection area.
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Figure 5-15: Bolted Moment Connection Geometry in LS-DYNA
Additionally, material properties for steel types used in the full-scale test were input into
LS-DYNA. This included the yield strength, elastic moduli, and failure strains of each
component. As described previously, Material Model 24 in LS-DYNA required the material
stress strain relationship for plastic behavior. The plastic material properties used by Kasai et al.
(2000) are recreated in Figure 5-16.

Figure 5-16: Validation Model Plastic Material Properties (Kasai et al. 2000)

72

As indicated in Chapter 2 and as also shown for the connection studied by Kasai et al
(2000), it is common to compare the full-scale test and FE model through moment rotation
curves of the connection. Figure 5-17 shows a comparison of the moment rotation curves for the
full-scale test described in Kasai et al. (2000) and the FE model.

Figure 5-17: Moment Rotation Comparison
Also, a qualitative comparison of stresses and deformation in the angle members and
their contact with the beam was used for comparison to figures in Kasai et al. 2000. Figure 5-18
shows local deformations, von Mises stress contours, and changes to contact between the angle
and beam members in the upper portion of the connection. The bolts are not shown for contour
clarity.
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Figure 5-18: Deformation and Von Mises Stress in Angle and Beam Members
The qualitative comparison of the angle deformation closely matched the contour plots
shown in Kasai et al. (2000), with stresses surrounding the bolt head and concentrating in the
corner of the angle. Kasai et al. (2000) also indicated the deformation of the angle bending away
from the column and uplift in the horizontal leg between the corner and the bolt holes. Both of
these behaviors were replicated well in the FE model as shown in Figure 5-18.
While the moment curvature plot does not indicate an exact match, the qualitative
comparison matches almost exactly. This difference in the elastic range was likely due to the
material model and shell element method for modeling angles, which slightly reduces the amount
of material in the angle corner. Additionally, Dumas et al. (2004) showed that for a given bolted
moment connection, moment rotation results from various models often required correction
factors. Most importantly, the interaction between members, and between bolts and members,
allowed for modeling of the overall connection behavior.
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5.7 Summary
This chapter summarizes specific FE modeling, analysis, and validation methods. The
models used Blytschko-Tsay shell elements with a maximum size of 25.4 by 25.4 mm (1 by 1 in)
for HSS members. Bolts were modeled using 8 node hexahedron elements. HSS members and
bolts used Material Model 24 in conjunction with stress vs. strain data provided by LTI, and a
dynamic increase factor for strain rate behavior. Contact modeling was completed with an
automatic surface-to-surface contact using a master slave search algorithm. The base of the
prototype structure was assumed to be fixed in displacement and rotation. Full time-history data
was output using LS-DYNA member force sections.
The modeling procedure was checked using two static load cases to test individual
members as well as basic contact behavior, and a time-history energy conservation check in LSDYNA for each model. The modeling methods proposed were also compared to full-scale tests
of a beam to column connection involving bolts and slip between members. These checks and
validation indicated that the proposed FE modeling methods were sufficient for a design
investigation into the use of the basic pierced HSS connection in a prototype structure as
described in Chapter 4.
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Chapter 6: Results and Discussion
6.1 Overview
This chapter provides a summary of output data from all prototype structure FE models
and discussions with respect to load sharing through the HSS connections and HSS transfer
member. The summary and analysis of this data is divided into four sections based on the
components of the prototype structure that were being examined. The first section focuses on an
overview of the prototype structure’s general behavior, and how that behavior determines
analysis methods selected for each component discussed in the following sections. The second
section focuses on the examination of the basic pierced HSS connection behavior and resulting
initial analysis recommendations. Examination of the basic pierced HSS connection focuses on
bending moments along the transfer member and relationships between transfer member axial
forces and bollard base moments. The third and fourth sections focus on the examination of the
transfer member and bollards, respectively, and subsequent member size refinement
recommendations for both member types. These examinations focus on evaluation of peak forces
in each member and how they change as parameters, such as relative member size, connection
hole size, and connection orientation with respect to piercing holes, vary. The overall intention of
all examinations was to provide information regarding load sharing behavior, which in turn
provided insight into the effectiveness of the basic pierced HSS connections and transfer
member, and future design guidance for the prototype structure.
It should be noted that, for all results, the following three sign conventions are adopted:
(1) positive lateral displacement is in the direction of vehicle impact; (2) negative axial forces are
considered compression, while positive axial forces are considered tension; and (3) bending
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moment is considered positive when the moment vector established using the right hand rule is
to the right hand side relative to the impact direction and perpendicular to impact.
6.2 General Observations
The following general observations are used to provide an initial qualitative overview of
how all prototype structures reacted to the vehicle impact. These observations also provide a
background for the specific analysis of each component in later sections. It should be noted that
in the general observations indicated below, the ES40 model, which consists of equal bollard
sizes and a smaller transfer member, as described in Chapter 4 and specified in Appendix A, is
used as a representative prototype structure for behavior because it exhibited tendencies common
to all prototype structures.
All of the modeled prototype structures were able to successfully stop the vehicle for the
M30 and M40 impact conditions. Since the prototype structures were designed to resist the M30
impact condition, this indicated that estimating the impact load and member sizes as described in
Chapter 4 for initial design provided a prototype barrier capable of resisting the designated
impact criteria. Since all prototype structures had enough remaining capacity to withstand the
M40 impact condition, this also indicated that the prototype barrier was overdesigned for the
purpose of resisting the M30 impact condition. When subjected to an M50 impact, in most cases
the prototype structure showed bending failure of the attack bollard at its base, with the
exception being prototype structures that had a larger attack side bollard (AL50, AM50, and
AS50 from Table 4-2 and Appendix A).
For each prototype structure where the attack bollard did not fail in plastic bending at the
base, the model indicated severe inelastic deformations and crushing in the truck, as well as
elastic and inelastic bending in the prototype structure. This type of behavior in the truck and
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barrier is typical of full-scale tests at LTI summarized in Chapter 3. The most severe plastic
deformation occurred in the attack side bollard at its base and where the truck impacted the
bollard. Areas with the most severe deformation were accompanied by high levels of plastic
strain. Figure 6-1 shows a contour plot of plastic strains in the prototype structure. The contour
plot shows elements with no plastic strain having darker shading, while lighter shading shows
increasing levels of plastic strain.

Figure 6-1: Plastic Strains in Prototype Structure for Model AL40
It is important to note that plastic behavior at the impact location indicated the beginning
of plastic hinge formation. Figure 6-2 details a plastic strain contour plot at the bollard base and
at the impact location. The contour plot shows elements with no plastic strain with darker
shading, while lighter shading shows increasing levels of plastic strain. Plastic hinge behavior is
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indicated by higher levels of plastic strain in the extreme fibers of the HSS member, with lower
levels of plastic strain at the plastic neutral axis of the HSS member.

Figure 6-2: Indications of Plastic Hinging at Impact Location and Bollard Base
Similar behavior in the basic pierced HSS connection with respect to resistance to
rotation was also observed for all structures. Figure 6-3 shows an elevation view of the attack
side connection.
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Figure 6-3: Side View of Basic Pierced HSS Connection
Rotation was observed in the bollard with less rotation in the transfer member. This difference is
shown in Figure 6-3 as the angle θ. Figure 6-3 indicates that the connection was, as expected,
partially restrained. A more detailed analysis of connection behavior is discussed in the next
section.
The last observation common to all prototype structures involves two phases of behavior
during the 0.5 second impact event. The first phase involved vehicle deceleration and initial
deformation of the prototype structure, including plastic deformation of the attack bollard. The
second phase involved the elastic recovery of members and continuing dynamic response,
consisting of free vibration after elastic recovery. Figure 6-4 shows an elevation view of the
barrier during both phases.
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Figure 6-4: Prototype Structure Maximum Deformation and Elastic Recovery
Figure 6-4 indicates that the attack side bollard demonstrated permanent plastic deformation
during the initial phase, followed by some elastic recovery of areas outside of those that
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experienced plastic deformation. The protected side bollard demonstrated more elastic
deformation with some plastic bending during the initial phase, followed by an almost complete
elastic recovery due to a majority of the deformation being elastic. The duration of the initial
impact and deformation phases depended on impact severity. Models having a higher impact
severity took longer to dissipate the vehicle’s kinetic energy. Even under an M50 impact, the 0.5
second analysis time was sufficient to demonstrate both of these phases.
The significance of these two phases was that, for evaluation purposes, peak
deformations and member forces were apparent shortly after impact, as anticipated. This can be
confirmed by observing a representative displacement time history off the center of the basic
pierced HSS connection, as shown in Figure 6-5, and corresponding member force time histories,
shown in Figures 6-6 and 6-7.

Figure 6-5: Lateral Displacement at Connection Center for AL40 Model
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Figure 6-6: Bending Moment Time Histories for All HSS Members in AL40 Model

Figure 6-7: Transfer Member Axial Force Time History for AL40 Model
Figure 6-5 confirms that the attack side bollard experienced unrecoverable plastic
deformation during the first 0.05 seconds after the impact. This phase was followed by behavior
detailed in Figures 6-6 and 6-7 that included: lower frequency vibrations of the entire structure in
the direction of vehicle impact; higher frequency, smaller amplitude vibrations within each
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member; large unrecoverable plastic deformations in the attack side bollard; and largely
recoverable elastic deformations in the protected side bollard.
Figure 6-6 shows that the three members experienced peak moments during the initial
impact and deformation phase. The protected side bollard experienced the highest moment at its
base approximately 0.05 seconds after impact. This was quickly followed by the peak moment in
the transfer member while the protected side bollard experienced its peak moment later during
the initial impact and deformation phase.
Figure 6-7 indicates that peak axial force in the transfer member, whose magnitude was
significantly larger than that experienced by both bollards, also occurred during the initial impact
and plastic deformation phase and at approximately 0.05 seconds after impact. Member force
time histories for all models are included in Appendices B, C, and D.
The observations discussed indicated that design recommendations for the transfer
member and bollards could be based on peak member forces experienced during the initial
response phase. These findings support those by Hu et al (2011), which discussed using peak
forces for anti-ram barrier design.
6.3 Connection Behavior
The general observations discussed in the previous section indicate that, as expected, the
pierced connection between the bollard and transfer member had partial restraint against rotation.
For the purposes of completing an initial prototype analysis and design using the simplified
collapse procedure discussed in Chapter 4, both connections were assumed as fully restrained.
The following analysis of output data for all models provides indications as to whether a full or
partial restraint assumption was better for preliminary plastic collapse analysis involving the
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connection. This was investigated initially to determine how the connection applies moment to
the transfer member while distributing forces between bollards.
One analysis method that provided an indication of connection rotational restraint was the
examination of internal bending moment variations along a member length. This is because there
are two possible situations which would cause a bending moment in the transfer member: (1) an
end moment was applied from one of the bollards through the connection, or (2) an additional
load was applied to the transfer member somewhere along its length. No additional load was
applied directly to the transfer member, leaving the connection as the only origin for bending
moment. This bending moment variation was examined for the transfer member using the three
cross sections along its length, as shown in Figure 4-12. Figure 6-8 provides qualitative bending
moment diagrams of the prototype structure for each possible assumption of connection restraint.

Figure 6-8: Qualitative Bending Moment Diagrams for Prototype Structure
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As shown in Figure 6-8, depending on connection restraint the transfer member will
demonstrate a different bending moment diagram. When the peak moment occurred immediately
after impact, the bending moment was negative relative to the adopted sign convention, and had
a positive gradient along the length. This is demonstrated in Figure 6-10, which shows the
bending moment diagram along the transfer member at the peak moment for the AL 40 model.

Figure 6-9: Transfer Member Moment Diagram at Peak Moment for AL40 Structure
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Comparing the negative bending moment diagram from Figure 6-9 with the possible
bending moment cases from Figure 6-8 indicates that, for the peak moment, the attack side
connection was fully restrained while the protected side connection could still be assumed as
fully restrained or simple. This was because, as indicated in Figure 4-12, the cross sections were
not located at the connection center to avoid extreme local deformations and stress
concentrations in the connection area, so an extrapolated moment diagram was necessary to
estimate bending moment at the connection center. The linearly extrapolated bending moment
diagram in Figure 6-10 shows the expected bending moment along the entire length of the
transfer member.

Figure 6-10: Extrapolated Moment Diagram for Transfer Member in AL30 Structure
Figure 6-10 indicates that the bending moment continues to decrease along the member
length and that the end moment was non-zero, but still negative. This indicated that the
connection was possibly behaving with a partially restrained behavior. For the purposes of
completing a preliminary collapse analysis, however, a fully restrained or simple connection
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assumption is typically made. Comparison of the bending moment diagram in Figure 6-11 to the
bending moment diagrams in Figure 6-9 showed that, while the connection behaved with some
level of restraint, it behaved more similarly to a simple connection than a fully restrained
connection, indicated by the fact that the moment was never positive along the transfer member
length. This, along with additional analysis indicated below, showed that despite the actual
partial restraint demonstrated by the connection, for the plastic collapse analysis, a simple
connection assumption can be used.
Restraint in the protected side connection would indicate that bending moment was
transferred between the transfer member and protected side bollard. Bending moment in the
protected side bollard, however, was more closely related to the axial force in the transfer
member, which acts as an overturning force at the top of the bollard. This is demonstrated in
Figure 6-11, which plots the base moment in the protected side bollard as a function of elapsed
model time and compares it to the estimated bollard base moment based solely on axial force in
the transfer member acting as an overturning force at the top of the bollard.

Figure 6-11: Comparison of Calculated and Output Protected Side Base Moment
Figure 6-11 indicates two types of behavior: (1) the protected side connection reduced the
amount of higher frequency vibrations passed to the protected side bollard from the transfer
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member; and (2) the protected side bollard base moment was largely based on axial force from
the transfer member. While the connection provided some level of restraint for the transfer
member, the combination of plastic deformation in the HSS members and the bolts and friction
between the HSS members and bolts provided a means for absorbing the relatively lower
moment and higher frequency member force fluctuations across the protected side connection.
This lack of moment transfer was not, however, demonstrated in the attack side
connection, which applies a sudden peak moment from the attack side bollard to the transfer
member as shown in Figure 6-7. This application of moment from the attack side connection
during the initial impact and deformation phase was due to the attack bollard’s sudden rotation
and contact with the top and bottom of the transfer member.
Overall, when the peak moment occurred in the attack side bollard and transfer member,
the attack side connection behaved in similar fashion to a fully restrained connection, while the
protected side connection behaved with more indications of partial restraint. For design purposes,
the collapse analysis could be completed assuming a fully restrained attack side connection and a
simple protected side connection. Using these assumptions in conjunction with the collapse
analysis discussed in Chapter 4 provides for a more accurate prediction of plastic behavior
locations. As shown in Table 4-2, different collapse scenarios and plastic deformation locations
were expected for different variations in member size parameters, which were not indicated in
the FE models. Using the assumptions of a fully restrained attack side connection and simple
protected side connection indicated that all combinations of member size parameters would
produce the same plastic behavior locations, which was shown to occur in all FE models of the
prototype structure. After completion of the initial idealized collapse analysis, transfer member
and bollard sizes could be refined using the recommendations from the sections that follow.
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6.4 Transfer Member Behavior
Evaluation of transfer member behavior and subsequent design recommendations focused
on peak axial forces and bending moments and on how those forces changed when member size,
connection hole size, and connection orientation were varied. Three evaluation methods were
used to complete the evaluation as discussed below.
Initially, interaction between axial force and bending moment in the transfer member was
examined. Axial force and bending moment were considered since they consistently were
significantly larger than torsion and direct shear experienced by the transfer member. These
investigations focused on peak combined axial and bending loads and compared them to
corresponding static capacities using AISC interaction equations. This approach provided a basic
method to indicate if the HSS transfer member size could be reduced. The second evaluation
involved developing relationships between transfer member size and applied moment from the
attack side bollard during a crash and how this relationship changed as transfer member size
changed. The final evaluation focused on peak moments in the transfer member and how those
moments changed as connection details changed.
As stated earlier, AISC combined loading interaction equations provided a basic means
of assessing member capacity used during a crash event. Selected interaction equations are given
in Chapter H of the Specifications Section in the AISC Steel Construction Manual (2011), with
additional equations specific to HSS members being provided in the Commentary to Chapter H.
Earlier editions of the Specifications used equations based on combined stresses, which
accounted for all types of loading, while newer editions use member forces. Accounting for only
axial and bending forces provides a higher loading capacity estimation than if axial force,
bending moment, direct shear, and torsion were combined (AISC 2005). If earlier Specification
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stress-based combination equations are used to combine stresses which take into account all
loading types, the equation that provides the lowest combination non-dimensionalized ratio and,
subsequently, most conservative estimation of member demand, is:
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Equation 6.1

where: ƒ is normal stress; ƒv is the shear stress; Fcr is the critical axial stress; and Fvcr is the
critical shear stress (Felton and Dobbs 1967). For this study this equation used peak normal
stress and shear stress at locations in the transfer member that may not coincide in location and
time after impact, therefore producing a worst-case scenario.
For all models and all impact conditions where the attack side bollard did not fail in
bending at its base, the transfer member appeared sufficient for combined axial force and
bending moment according to selected AISC interaction equation evaluations, which were used
to estimate percentage of member capacity used during a crash as indicated in Figure 6-12.

Figure 6-12: Percentage of Combined Loading Capacity Used for all Models
For the M30 impact condition, the average capacity used to resist axial force and bending
moment loads was 38%, with a maximum utilization estimated to be 53% of the capacity. Since
transfer member size was established using the M30 impact condition, this indicated that

91

designing based on an estimated plastic moment capacity, as discussed previously in Chapter 4,
appeared to provide sufficient strength for combined loading considerations. Even under an M40
impact condition, the maximum combined axial and bending capacity used was estimated at
92%. These findings also indicated that, for the M30 impact event used for prototype structure
design in this study, transfer member sizes could be reduced given that a maximum of
approximately half the combined loading capacities of the members that were studied was used.
Given that the initial, plastic collapse analysis based design requirements for the transfer
member were conservative, as indicated above, three transfer member size refinement
recommendations were developed using analysis of the effects of parameter changes on its peak
moments. These parameters included member sizes, connection hole size and connection
orientation with respect to piercing holes; their selection and variations are outlined in Chapter 4
and Appendix A. The studies were completed by observing the peak moment in the transfer
member for these various parameter changes. Peak bending moment was examined because, as
indicated previously, bending moment in the transfer member was shown to play a more
significant role than axial force with regards to the loads it experiences.
The first member size refinement recommendation involved transfer member size. If
transfer member size is reduced based on plastic moment capacity, it is recommended that the
vertical HSS member dimension be reduced, if possible. This is due to the fact that, because of
the connection design, as shown in Figure 4-4, peak bending moment experienced by the transfer
member was largely related to its depth and not changes in width, wall thickness, or resulting
changes in bending stiffness, as was initially assumed. Figure 6-13 shows a comparison of each
peak transfer member moment for the prototype models indicated in Table 4-2 for the M30
impact condition.
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Figure 6-13: Comparison of Transfer Member Peak Moment for M30 Impact Condition
Figure 6-13 shows that there were two groups of behavior based on the peak moment that
each transfer member experienced. One group showed peak moments in the 70-80 kN-m (52-59
kip-ft) range, and another group in the 120-130 kN-m (89-96 kip-ft) range. These groups differed
by having different transfer member depths. The lower group, however, experienced changes in
bending stiffness due to member width and wall thickness, but not member depth. This, in turn,
implied that the peak moment was related to depth and not member width, wall thickness, or the
resulting change in bending stiffness. The average percent difference between the groups was
52%, showing that there was a significant difference in peak transfer member moment.
This relation can be explained by peak bending moment in the transfer member being
linked to initial rotation of the attack side bollard. This rotation would subsequently force the
attack side bollard member flanges to impact the transfer member flanges, creating a resisting
couple and subsequently an end moment in the transfer member. If the distance between forces
that created this resisting couple increased, imposed moment would also increase in the
connection zone. This behavior is demonstrated in Figure 6-14.
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Figure 6-14: Connection Interaction for Initial Peak Moment
Examination of Figure 6-13 also shows that changes in bollard sizes did not affect peak
transfer member moment. This can be seen by looking at either group based on transfer member
peak moment, where changes in bollard configurations did not vary within the group. A similar
trend was demonstrated in models examining M40 and M50 impact conditions. This indicated
that, for this connection type, the transfer member can be initially selected using a collapse
analysis and subsequently reduced in size independent of bollard sizes, provided the transfer
member depth is kept constant or decreased, or does not increase.
The second and third refinement recommendations involve connection details and their
effects on transfer member size refinements. Parameters that were studied included piercing hole
size and connection orientation with respect to piercing holes as shown in Figure 4-4. They were
selected as indicated in Chapter 4 and specified in Appendix A.
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The size of the hole used to pierce the transfer member was varied from a standard hole
size, as specified by the AISC Steel Construction Manual (2011)to be 1.59 mm (1/16 in) larger
than the piercing member outside dimension to one that is 4.77 mm (3/16 in) larger than the
piercing member outside dimension. These increases were explored because larger hole sizes
may be specified for ease of construction or may occur due to fabrication error. The ES model
was chosen for hole size variations since it was deemed representative of common structure
behaviors as described above, and, as indicated in Table 4-3, it was the most efficient design
from the collapse analysis. Models designated ES, ESover1, and ESover2 spanned the hole sizes
indicated above with even increments. A final study involved taking the original connection
orientation with respect to piercing holes and changing it to an alternate connection orientation
such that the transfer member pierced the bollards, as shown in Figure 4-4. This change in design
was examined because it may be required if multiple pierced HSS connections are combined.
This alternate connection model was designated ESin, as indicated in Table 4-2 and Appendix A.
Figure 6-15 shows a comparison of the peak transfer member moment for the connection
variations that were examined.

Figure 6-15: Transfer Member Peak Moment for Connection Changes
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Figure 6-15 shows that as hole size increased, peak moment in the transfer member
decreased, though the second increase in hole size from 3.18 mm (2/16 in) to 4.77 mm (3/16 in)
did not decrease the peak moment as significantly as the increase. This can be explained by the
fact that the moment applied to the transfer member was primarily due to the attack side bollard
creating a resisting couple as previously described and indicated in Figure 6-14. The increased
hole size allowed for more energy dissipation by the attack side bollard before it came in contact
with the transfer member, thereby reducing applied moment to the transfer member. An
additional increase in hole size was not significant enough to further overcome bollard rotations
and subsequent moment transfer and did not produce a dramatic end moment reduction. Some
moment was always applied to the transfer member hole size due to bolts through the bollard
bearing on the transfer member.
The observed increase in moment in the ESin prototype structure from Figure 6-14 due to
the change in connection orientation can also be explained by the force couple interaction at the
connection. The alternate connection orientation was similar to the case where the bollards pierce
the transfer member, with the difference being that the couple moment arm depends on the attack
side bollard horizontal dimension instead of the transfer member vertical dimension, as shown in
Figure 6-16.
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Figure 6-16: Connection Interaction for Orientation Variations
The alternate connection orientation, where the transfer member pierced the bollards, applied a
larger moment to the transfer member because the bollard horizontal dimension of 254 mm (10
in) was larger than the transfer member vertical dimension of 152.4 mm (6 in) used for the
original connection orientation. It is expected that the bollard horizontal dimension would be
larger than the transfer member vertical dimension because the bollard must be designed to resist
a significantly higher moment, as demonstrated in Figure 6-7, and because it was shown to be
beneficial to decrease transfer member depth as discussed earlier in this section.
6.5 Bollard Behavior
Similar to the transfer member, examination of bollard behavior was based on peak base
bending moment and its variation due to changes of member size, piercing hole size, and
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connection orientation. Examination of bollard base moment also helped establish load sharing
levels between bollards, thereby allowing for additional study of transfer member efficiency. It
also allowed for a comparison of load experienced by the bollards at a location which showed
similar behavior in both bollards, avoiding measures which would take into account local
behavior from the vehicle impact in the attack side bollard such as internal strain energy. Internal
strain energy in each HSS member was still, however, examined as an additional measure of
examining load transfer between bollards throughout an impact event. Internal strain energy is
part of LS-DYNA model solution, and was marked as a data type to be stored for each output
time step (Hallquist 2006).
The first observation when examining the bollard base moments was that the use of the
basic pierced HSS connection and transfer member was effective in sharing load between the
two bollards. The first indication of this is a comparison of the peak base moments from all
models for the M30 impact conditions, shown in Figure 6-17. Model designations listed on the
horizontal axis are as indicated in Table 4-2 and specified in Appendix A.
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Figure 6-17: Comparison of Bollard Base Peak Moment for M30 Impact Severity
While Figure 6-17 shows that there was some difference in moment experienced by the two
bollards, it shows there was still a significant amount of base moment in both bollards.
Additionally, if a single bollard was designed using plastic collapse analysis and the
assumptions discussed in Chapter 4, the required single HSS bollard would be an HSS
406.4x304.8x15.9 (HSS 16x8x5/8), which is significantly larger than the largest bollard used in
the prototype structures of HSS 304.8x152.4x15.9 (HSS 10x6x5/8). If the single bollard is
impacted with the M30 impact condition, the peak base moment approximately 3 times larger
than the average peak moment from all prototype structures with the M30 impact condition. This
indicated that the basic pierced HSS connection and transfer member effectively reduced the
amount of base moment experienced, and subsequently the required bollard size, by distributing
impact load between the two bollards.
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In addition to indicating that the proposed basic pierced HSS connection and transfer
member design used in the prototype structure is effective, the base moment was also used to
observe trends between parameter changes in member size. These observations were used to
provide member size refinement recommendations to optimize load sharing between the
bollards.
For a given impact severity, three trends were noted for peak bollard base moment. The
first trend indicated that, for any given set of bollard sizes, there was no significant difference in
peak moment in either bollard due to changes in transfer member size. The second trend
indicated that relative stiffness between the bollards did not affect a given bollard’s peak base
moment; a given bollard’s peak base moment was related to that bollard’s size only. Between the
ES30 and PS30 model, for example, the attack side bollard was the same but relative bollard
stiffness varied based on a reduction in protected side bollard plastic moment capacity. The peak
moment changed by only about 4% between these prototype structures. Between the AS30
model and the ES30 model, where the protected side bollard remained the same size, the
difference in peak moment was 18%. The third observed trend was that for all models, the
moment in the protected side bollard was less than the attack side bollard irrespective of any
other member size parameters, as shown in Figure 6-18.
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Figure 6-18: Comparison of Percent Difference in Peak Base Moments
Overall, these trends provide two member size refinement recommendations in relation to
refining bollard sizes in a system that utilizes a transfer member. First, a given bollard size can
be modified without requiring reconsideration of the transfer member size from the original
collapse analysis. While overall load sharing is effectively provided by the basic pierced
connection and transfer member, load sharing between two bollards can be improved by
adjusting bollard sizes. This recommendation is demonstrated by the trends in Figure 6-18 as
discussed previously.
Second, using a configuration with a larger protected side bollard is the most
advantageous design for load sharing between bollards via a transfer member. This is indicated
by Figure 6-17, which demonstrates that using a larger protected side bollard increases the
relative amount of peak moment in the protected side bollard base, while maintaining largely the
same peak base moment in the attack side bollard. Additionally, Figure 6-18 shows that a larger
protected side bollard also reduces the difference in peak moment between the two bollards when
compared to other configurations, demonstrating a more even distribution of impact load
between the two bollards. This behavior can be explained by the fact that, in general, a larger or
stiffer member in a structure attracts or experiences the higher load. This is advantageous to the
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structure design because, as indicated in Figures 6-17 and 6-18, the attack side bollard
experienced a significantly higher moment at the base than the protected side bollard from the
initial impact, and lowering this initial impact peak moment by transferring more force to the
protected bollard could allow for a reduction in member size in the attack bollard. For design
refinements, however, this does not necessarily indicate that the protected side bollard size
should be increased. Instead, the protected side bollard should be relatively larger than the attack
side bollard despite the overall member sizes selected. For this study, the use of a protected side
bollard with a 17 % larger moment capacity relative to the protected side bollard reduced the
peak moment percent difference to an average of 16% between models with this bollard
configuration.
These design refinement recommendations were confirmed by examination of total
internal energy in the bollards, with more effective prototype barriers being able to absorb more
energy from the vehicle impact. Figure 6-19 shows total internal energy in both bollards for each
prototype structure where the attack side bollard did not detach at its base.

Figure 6-19: Comparison of Total Bollard Internal Energy
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Figure 6-19 shows that, for an M30 impact condition, the prototype structures with a larger
protected side bollard sustained higher internal energies than prototype structures having a larger
attack side bollard or those that had equally sized attack and protected bollards. However,
maximum internal energy differences between all structures shown in the figure were only 11%
due to severe localized plastic strains at the vehicle impact point accounting for most of the
internal energy. There is still, however, a difference between configurations that appears to
indicate that a larger protected side bollard would allow for more efficient load distribution in the
studied structures during an impact.
6.6 Summary
The evaluation of the basic HSS pierced connection’s moment restraint was primarily
based on the bending moment along the transfer member, and the relation of transfer member
axial force to bollard base moment. The analysis of the transfer member and both bollards was
based on the evaluation of peak member forces in each member as they change with parameter
variations. Output data of the member force time histories for all prototype structure models are
included in Appendices B, C, and D. The evaluation of connection behavior was used to provide
recommendations for a more accurate collapse analysis. The evaluation of transfer member and
bollard behaviors was used to provide recommendations for refinement of connection geometry,
and transfer member bollard sizes from the initial plastic collapse analysis.
Overall, the basic pierced HSS connection and HSS transfer member provide an effective
system for load sharing between the bollards. For the basic pierced HSS connection, it was
shown that the best assumption for connection restraint for initial member size selections based
on a plastic collapse analysis was a fully restrained connection for the attack side bollard and a
simple connection for the protected side bollard. For the transfer member, it was shown that

103

decreasing the vertical dimension of the HSS members used in this study will decrease moment
applied by the bollard. Additionally, increasing the piercing hole size in the connection will
decrease the applied moment as well, and changing the connection orientation so that the transfer
member pierces the bollards is not recommended. For the bollards, it was shown that using a
relatively larger protected side bollard causes more base moment to be experienced by the
protected side bollard, thereby increasing the efficiency of the basic pierced HSS connection and
transfer member. Finally, bollard and transfer member sizes can be selected independently of
each other, given they are adequately sized to resist the expected forces from the plastic collapse
analysis, without significant changes to the prototype structure’s overall behavior.
The trends seen between models, subsequent conclusions, and design recommendations
regarding the behavior of the prototype structure and basic pierced HSS connection are
summarized in Chapter 7.
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Chapter 7: Conclusions and Recommendations
Anti-ram vehicle barriers provide an effective method for mitigating the increasingly
prominent threat vehicles can pose to structures. The design of anti-ram vehicle barriers must
address the ability to stop a vehicular threat and, in certain cases, consider aesthetic
considerations that may require design optimization. For these reasons using multiple rows of
HSS bollards with a method of load sharing between them could possibly provide a design
option with optimized, less visible member sizes. Research summarized herein examined the use
of a basic pierced HSS connection and HSS transfer member as a method of optimizing anti-ram
barrier design. This study also examined possible member size reductions when using the
aforementioned design configuration.
A prototype barrier structure was used to study the use of basic HSS pierced connections
and HSS transfer members as a method of connecting two rows of bollards for load sharing. The
design of the prototype structure and connection took into account past successful anti-ram
barrier designs that were tested under vehicle impact at the Pennsylvania Larson Transportation
Institute. Parameters that were varied from those in the prototype structure included: transfer
member and bollard relative sizes, hole sizes in the connections between the transfer member
and bollards, and connection orientation with respect to whether the transfer member pierced the
bollards, or vice versa.
FE models of each prototype structure were created using modeling methods
recommended from past studies at LTI, and the methods were further validated by static analysis
checks and validation through comparisons to experimental data of a full-scale partially
restrained moment connections. Behavior of subsequent prototype structures was analyzed by
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studying general trends and by focusing on peak forces at select cross sections in the transfer
member and at the base of the bollards. The following behaviors were observed:
·

Two phases of behavior were observed during the vehicle impact, the first being an initial
peak response followed by an elastic recovery and continuing dynamic response. Initial
peak member forces, which govern the behavior of the prototype structure and basic HSS
pierced connection, were used for all transfer member and pierced connection
performance assessment.

·

A basic initial plastic collapse analysis, assuming both connections are fully restrained,
provides sufficient, but oversized, initial member sizes.

·

The attack side connection behaved more similarly to fully restrained connection, while
the protected side behaved more similarly to a partially restrained connection.

·

Designing the transfer member based on the required plastic moment capacity from the
collapse analysis provided a sufficient member size to resist vehicle impact.

·

It was shown that, for the structures that were studied, when using the pieced connection
peak moment in the transfer member was governed by the depth of the transfer member
due to the force couple interaction between the bollard and the transfer member flanges.

·

When connection hole size was increased, the magnitude of the peak moment in the
transfer member was decreased.

·

Orienting the connection such that the transfer member pierces the bollards changes the
peak transfer member moment from depending on the vertical dimension of the transfer
member to depend on the horizontal dimension of the bollard, which will typically be
larger than the vertical dimension of the transfer member.
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·

Bending moment in the base of a given bollard depended on the size of that specific
bollard and not on the size of the other bollard.
The conclusions listed above provide the following recommendations for the refinement

of structure and connection designs that were studied:
·

Using the basic pierced HSS connection and HSS transfer member studied provides an
effective method for sharing impact load between bollards that can allow for smaller
member sizes and a more optimized structure.

·

The plastic collapse analysis for initial member sizes in a structure using the basic pierced
HSS connection and HSS transfer member should assume that the attack side connection
is fully restrained, while the protected side connection is simple.

·

The transfer member size should utilize the minimum vertical dimension possible to
reduce the peak moment experienced by the transfer member.

·

Designing the connection with the transfer member piercing the bollards likely requires a
larger horizontal dimension in the bollards than if the bollards pierce the transfer
member. This will subsequently cause a higher bending moment in the transfer member
and increased forces applied to the bolts.

·

Increasing connection hole size to 3.18 mm (2/16 in), or even 4.77 mm (3/16 in) larger
than the piercing member outside dimension will decrease bending moment in the
transfer member. If a larger hole size is used, however, special care should be taken to
assure the bolts are sufficiently strong.

·

When reducing bollard sizes from the initial selection from the collapse analysis, the
attack side bollard should initially be reduced relative to the protected size bollard size.
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After this initial reduction and subsequent analysis of the structure, further reduction in
bollard sizes should maintain the same relative difference in bollard size.
Recommended future studies include computational and experimental components and
are listed as follows:
·

The prototype structure, or a full anti-ram barrier design similar to the prototype
structure, could be validated and further studied under full scale crash test conditions to
validate the current study’s findings.

·

Additional computational studies and full-scale tests could include the investigation of
load sharing members that are perpendicular, parallel, and at various angles with respect
to the direction of impact.

·

Additional computational studies and full-scale tests could include the investigation of
similar connections that utilize HSS connections to share impact load between bollard
rows, including a pierced connection with welds, different bolt orientations, and different
transfer member types, and the connection’s effectiveness in transferring impact load
between bollards.
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Appendix A: Prototype Structure Member Sizes
Bollard Relative
Plastic Moment
Capacity

Horizontal Transfer
Member Relative
Capacity

Larger Than Bollard
Capacity (Group L)

Attack Side Bollard
Capacity is Larger
(Group A)

Intermediate Capacity
(Group M)

Smaller Than Bollard
Capacity (Group S)

Larger Than Bollard
Capacity (Group L)

Both Bollards Have
Same Capacity
(Group E)

Model Designation

Member

Member Size: Metric
Units (Imperial Units)

Attack

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

Protected

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Transfer

HSS 254X203.2X15.9
(HSS 10X8X5/8)

Attack

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

Protected

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Transfer

HSS355.6X152.4X15.9
(HSS 14X6X5/8)

Attack

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

Protected

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Transfer

HSS 304.8X152.4X15.9
(HSS 12X6X5/8)

Attack

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Protected

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Transfer

HSS254X203.2X15.9
(HSS 10X8X5/8)

AL

AM

AS

EL

Attack
Intermediate Capacity
(Group M)

N/A

N/A
Protected
Transfer

Smaller Than Bollard
Capacity (Group S)

Larger Than Bollard
Capacity (Group L)

Attack Side Bollard
Capacity Is Smaller
(Group P)

Intermediate Capacity
(Group M)

Smaller Than Bollard
Capacity (Group S)

Attack

HSS 254X152.4X12.7
(HSS 10X6X1/2)

Protected

HSS 254X152.4X12.7
(HSS 10X6X1/2)

Transfer

HSS 304.8X152.4X15.9
(HSS 12X6X5/8)

Attack

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Protected

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

Transfer

HSS 254X203.2X15.9
(HSS 10X8X5/8)

Attack

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Protected

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

Transfer

HSS355.6X152.4X15.9
(HSS 14X6X5/8)

Attack

HSS 304.8X152.4X12.7
(HSS 10X6X1/2)

Protected

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

Transfer

HSS 304.8X152.4X15.9
(HSS 12X6X5/8)

ES

PL

PM

PS
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Hole Size Test Case

Both Bollards Have
Same Capacity
(Group E)

Smaller Than Bollard
Capacity (Group S)

ES

Standard [1.5875 mm
(1/16 in)]

ESover1

Oversized [3.175 mm
(2/16 in)]

ESover2

Oversized [4.7625 mm
(3/16 in)]

Member sizes same as
standard ES model (see
above), only hole sizes
change

Orientation/Pass
Through Test Case

Attack

HSS 254X152.4X12.7
(HSS 10X6X1/2)

Protected

HSS 254X152.4X12.7
(HSS 10X6X1/2)

Transfer

HSS 304.8X152.4X15.9
(HSS 12X6X5/8)

Attack

HSS 254X203.2X12.7
(HSS 10X8X1/2)

Protected

HSS 254X203.2X12.7
(HSS 10X8X1/2)

Transfer

HSS 304.8X152.4X15.9
(HSS 10X6X5/8)

ES
Both Bollards Have
Same Capacity
(Group E)

Smaller Than Bollard
Capacity (Group S)

ESin
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Appendix B: Transfer Member Axial Force Time Histories
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Appendix C: Transfer Member Bending Moment Time Histories
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Appendix D: Bollard Base Bending Moment Time Histories
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