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ABSTRACT
Vehicles intruding into buildings have become a growing problem in today’s world.
Several types of bollards are introduced to safeguard the buildings from vehicle borne threats.
Bollard (barrier/ perimeter) security systems are structures developed to impede vehicle
borne threats to buildings and highway safety devices. The real-time full-scale testing of anti
ram bollards, subjected to different vehicular impacts requires much effort and is highly
expensive in performing the physical testing and thereby changing the design parameters. A
computational analysis though can aid in narrowing the effort and evaluate the dynamic
performance of different bollard designs. In this study, finite element models of bollard
systems are developed according to the standards of ASTM-WK2534 and also validated with
the experimental results. A medium-sized Ford single truck model is utilized, for the
reconstruction of impact against various bollard systems at different speeds in frontal impact.
The simulation results are correlated with the test results in terms of the kinematics of the
truck, the nature of deformations, and the amount of vehicle penetrations. The validated
results of a single vertical bollard, K4-rating and K8-rating bollard designs are shown to be in
good agreement with the ones from the test results. The material, height, design of the
bollards and the impact speed are then changed in a parametric study to arrive at the
threshold velocity where each blade can be effective to study various bollard systems. The
material of the bollard outer section, namely steel over aluminum is shown to provide better
resistance during the impact. The study also showed that the addition of concrete inside the
bollards could also improve effectiveness. In addition to the typical vertical bollard designs, a
horizontal bomb barrier design is also modelled, simulated and analyzed. The simulated
results show better resistance during an impact by absorbing more energy over a large area
with very less deformation in the structure, as compared to the single vertical bollard design.
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CHAPTER 1
INTRODUCTION
1.1

Background
A Bollard or Perimeter Security Systems act as a barricade between buildings and

unauthorized vehicles, preventing the vehicles from enter into building premises. They are
also used as safety devices on highways to reduce the occupant injuries and safeguard
highway structures. Further, the bollards are employed to protect buildings, stores and their
employees and the pedestrians outside the store, from vehicles entering, parking and leaving
the building or store premises. Though the vehicles are at relatively slow speeds, it results in
a huge damage to the property of buildings and pedestrians in an event of a collision.
The main objectives of the bollards are to be able to balance the need to protect the
sensitive parts of building and also allowing pedestrians stream to walk inside and around
building. These bollards are to be employed in such a way to enhance the beauty of the
building and its premises, as shown in Figure 1.1. These goals are achieved with different
kinds of bollard designs, with ability to defend buildings, inside and outside the property line.
Further statistics behind the crashes, various types of bollards and their materials are
discussed in this section [1].

Figure 1.1 Steel bollards used as protective security structures [1]
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1.2

Statistics on Crashes onto Bollards
There are many incidents happening around the world, causing damage to the

buildings. For an instance a car bomb and SUV attacked the United States Consulate
Building in Herat, Afghanistan on September 13, 2013 [2] was safeguarded due to bollards.
Another car on April 12th, 2012 [3] crashed into a building at Bryan, Texas, where the driver
under Driving Under Influence (DUI) accelerated into a restaurant with a loud crash. In the
tragic Costco [4] incident on July, 25th 2014, a Monte Carlo drove into the entrance of a big
box reversing into the two bollards before smashing the glass doors and hurting six people.
The reason behind these types of intrusions are either due to an accidental one or a purposeful
one, but in both cases the buildings are to be protected at a standoff distance to avoid such
accidents and trespassing by unauthorized vehicles.
Some interesting facts of crashes into buildings are as follows and also there is an illustration
shown in Figure 1.2 [5]:


50 to 60 accidents occur in a day and 20,000 vehicles intrude into buildings every
year in the United States.



More than 20 stores are damaged by vehicles, leading to more than 7300 crashes
every year.



During 1991 to 1995 period, there were 1500 crashes into 7-Eleven stores in the US
are illustrated in the Figure 1.2 [5].



Yearly more than 550 vehicles intrude into building crashes which are reported in the
news media.
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Figure 1.2 Statistics on crashes into bollards [5]
Researchers [5] mention that, the buildings of government, restaurants, stores and
businesses are involved in 70 percent of such a crash. Crashes into buildings and the damage
caused are not assessed or reported, but on an average at least five accidents occur daily in
the United States. Statistics indicated by specified cause states that pedal error contributes to
35 percent and operator error contributes to 19 percent of the total incidents, as shown in
Figure 1.3. The incidents categorized by site type states that retail stores contribute 24
percent, commercial building contribute 20 percent, restaurant constitute 19 percent of the
total incidents.

Figure 1.3 Statistical comparison of crash incidents based on type of cause & type of site [5]
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1.3

Design Criteria for Bollard Systems
Bollard systems are chosen according to the requirements of building and its security

concerns. These should be able to withstand both the mass of vehicle and also the speed.
The following parameters are considered in designing an efficient bollard system are:

1.4



weight of the bollard



cross section of the board



material of the bollard



shape of the bollard



area of the foundation



soil and concrete type around the foundation



concrete filled inside the bollards



height of the bollard above the ground



depth of the bollard into the ground



ability to absorb the kinetic energy emitted by the vehicle

Types of Bollards
There are two types of Bollards commonly used:
1. Passive Bollards: These are fixed to ground or foundation
2. Active Bollards: These are movable mechanical barriers.

1.4.1 Passive Bollards
Passive bollards are fixed and defend the vehicle intrusions from outside the building
premises. There are various types of passive bollards [1] like, walls, fixed bollards, heavy
objects, fixtures and reinforced street furnitures, jersey barriers, fences, engineered planters
are few types of barriers commonly used. They are discussed in detail in the later part of this
section.
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1.4.1.1 Walls
The engineered walls include retaining walls and freestanding walls. They are
constructed of reinforced concrete, brick, stone, materials reinforced with steel, etc. The walls
constructed are discontinuous to improve the appearance of the entire building premises. Care
should be taken such that the walls when exploded do not turn out into fragments of concrete
causing damage to the humans and the property [1]. An example of a discontinuous barrier
with art work facing the building (left) and its design specifications (right) are shown in
Figure 1.4.

Figure 1.4 Discontinuous Wall (left) and its design specifications (right) [1]
1.4.1.2 Fixed Bollards
The fixed bollards consist of a cylinder filled with concrete inside in it and deeply
placed in the ground, allowing for pedestrians to walk through. They are constructed with
steel reinforcement to enhance the strength of bollard system. These types of anti ram
bollards systems are designed to restrict the vehicle cargo by completely stopping it and also
blocking any other vehicle intrusion. Generally a bollard installation requires deep footing
inside the ground, even otherwise at times of need they can be shallow footing too. The
current work depicts various standard anti ram bollards getting impacted against vehicles at
different speeds [1]. Bollards are usually fixed outside a building onto ground, as shown in
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Figure 1.5 and an example of detailed concept of a fixed bollard placed inside the ground is
also shown in Figure 1.5.

Figure 1.5 Fixed Bollards onto the ground (left) and their detailed design [1]
1.4.1.3 Heavy Objects
Bollards can be replaced with heavy objects like sculptures, massive boulders, earthen
berms or concrete forms with unassailable slopes, planting trees, to prevent vehicle impacts
and also allow the pedestrians to walk. These heavy objects can also be combined with
bollards to improve the landscape design of building to improve protection without any
obstructions allowing the pedestrians to pass [1]. Concrete barriers placed outside a building
(left) and a combination of bollards and massive boulders installed outside a building premise
(right) can be seen in Figure 1.6.

Figure 1.6 Concrete round shaped barrier (left) & massive boulders as barrier (right) [1]

6

1.4.1.4 Fixtures and Reinforced Street Furniture
Hardened streetscape elements are typically used as anti ram barriers. These
streetscape elements consist of hardened street furniture (benches), fences, low walls,
bollards, planters, bus shelters, etc. The bollards are combined with street furniture to
increase the security of building. They are designed according to the landscape and security
needs of building. This approach of perimeter security is to be developed and certified further
[1]. The streetscape furniture with bollards placed in between them (left) as well as a
combination of furniture, bollards and planters (right) can be seen in Figure 1.7.

Figure 1.7 Fixtures as a street furniture (left) and reinforced street furniture with plantations
(right) [1]
1.4.1.5 Jersey Barriers
Jersey barrier was a median barrier made of concrete in the 1940s and 1950s by New
Jersey, California and other states to prevent entry of vehicles into traffic. It is used as a
temporary protection on highways and other construction areas, with a standard length of
12.5 and 20 feet. They defend the vehicles effectively with their mass when embedded with a
vertical anchorage by steel reinforcement, a 12 foot barrier weighs 5700 pounds [1]. A jersey
barrier placed temporarily as security and its detailed design with variable dimensions can be
seen in Figure 1.8.
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Figure 1.8 Jersey barrier placed for security (left) and its dimensions (right) [1]
1.4.1.6 Fences
Fences are used from history till date and serve as a barrier between the bombs/
grenades and the structures and also delay the intrusion period with some partial penetration
of the vehicles. Many types of fences are available like chain link, monumental fences made
of steel, anti climb fences, wired fences and are used depending on the need for the structure.
The ability of fences to safeguard any building can be improved with addition of sensors and
can be hidden in the planting too [1]. Fences commonly used outside the structures can be
seen in Figure 1.9.

Figure 1.9 Fence outside a building [1]
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1.4.1.7 Engineered Planters
Engineered planters are reinforced deep into the ground to perform effectively and in
turn they can stop a fast moving vehicle. These structures when hit by the vehicles becomes
dangerous projectiles, causing damage to the structures. A good structure can perform like a
DOS K12 and withstand a vehicle velocity of 80 kmph and 50 mph. However, they have a
high impact on movement of the pedestrians by reducing the sidewalk width. Therefore, they
are to be employed according to building requirements [1]. The planters as a hidden crash
rated bollards and the concept of a detailed reinforced planter with DOS K12 ratings can be
seen in the Figure1.10, dimensions and reinforcement varies.

Figure 1.10 Concrete planters for safety (left) and its design details (right) [1]
1.4.2 Active Bollards
Active bollards are used at entry points where the vehicle inspection is performed to
allow the vehicles into the building. They are also placed in the parking lots, gate houses,
light signals, checkpoints to screen the vehicles by security personnels. There are various
types of active bollards like, rotating wedge systems, rising wedge barricades, retractable
bollards, crash beams and gates, surface mounted wedges and gates. These barriers are
manufactured by different manufacturers with the desired characteristics to tune into the
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building location. The different types of active bollards commonly used for security purposes
are discussed in next few paragraphs.
1.4.2.1 Retractable Bollards
The retractable bollards consist of a group of rising bollards or single units grounded
deep below with a heavy bollard controlled by a hydraulic or pneumatic power which helps
in lowering and raising the bollards. They can be either operated manually or remote
controlled. These types of Bollards are 12 to 13 inches in diameter, 35 inches in height and
they are 3 feet apart. These are commonly used in traffic areas like entry and exit of parking
areas and buildings for screening of vehicles. These bollards are combined with fixed
bollards for a better performance and are also crash rated till DOS K12 standards [1]. The
installation type of a retractable bollard and its dimensions are shown in Figure 1.11
(dimensions may vary).

Figure 1.11 Retractable bollard installed on ground (left) and its dimensions (right) [1]
1.4.2.2 Rising Wedge Barrier
The rising wedge barrier consists of a metal plate installed in the roadway which can
be raised and lowered manually for regulating the vehicles. The specifications of the barrier
are width of 10 feet height, raised from 21 inches to 38 inches with the help of a hydraulic or
pneumatic system. These barriers are fixed and movable depending upon the need. These
barriers were found to be an earliest active barrier systems. These shallow foot foundation
10

barriers are crash rated to DOS K12 rating [1]. The installation of wedge (left) and the rising
wedge barricades with dimensions can be seen in Figure 1.12.

Figure 1.12 Wedge barriers installed (left) and its dimensions (right) [1]
1.4.2.3 Rotating Wedge Systems
The rotating wedge systems are similar to rising wedge barricades in operation except
the curved front face, which helps in better vision for the security personnel and are also
deeply grounded. Commonly the width is 10 feet and the height is in between 24 to 28
inches. This wedge system operates for 3 seconds per movement with a hydraulic system by
heavy duty Rams. These can also be combined with a fixed bollard system for greater
security [1]. The rotating wedge beams are combined with a fixed bollard are shown in
Figure 1.13 (dimensions also shown).

Figure 1.13 Combination of rotating wedge beams and fixed barriers (left) along with its
dimensions (right) [1]
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1.4.2.4 Crash Beams
The drop arm crash beams are generally seen at parking entry and exits. The arm of
this barrier is strengthened with steel and supported by pivot assembly. Concrete casting,
anchoring and locking mechanism are used in the assembly of crash beams. The steel arm
operates at a range of 10 to 24 feet. It can be raised and lowered manually with the help of a
counterbalanced arm or automatically by a hydraulic or a pneumatic system. The
performance of these barriers is less effective when compared to other active barriers, but
they are certified with a K12 rating [1]. As shown in Figure 1.14, the drop arm beam allows
the vehicle to pass through the security zone.

Figure 1.14 Drop arm beam installed at a security gate [1]
1.4.2.5 Crash Gates
The crash gates are rated according to DOS, as K12 rating, and operated without any
contact from the ground. An other type of crash gate uses a rack and pinion across a V
groove. Swing versions are also available. Generally, the height of such gates is from 12 to
30 feet [1]. The installation of a typical sliding crash gate (left) and a K12 type crash rating
sliding gate for security (right) can be seen in Figure 1.15.
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Figure 1.15 Slide gate installation (left) and sliding gate in real (right) [1]
1.4.2.6 Surface Mounted Rotating Plates
Surface mounted wedges are basically mounted above the ground level. The wedge is
raised and lowered with the help of hydraulic, pneumatic or electro mechanical drive system.
General specifications for the ramp has a width of 10 feet and a height of 21 to 28 inches.
These can be removed, moved conveniently. Additional features like traffic lights and drop
arm are attached to improving the wedges. They are crash rated by DOS K4 rating [1].
Installation of traffic lights along with drop arm can be seen in Figure 1.16.

Figure 1.16 Side view (right) and front view(left) of Drop arm with traffic lights [1]
1.5

Materials of Bollard
Typically the materials used for bollards are reinforced concrete, steel, wood, cast

iron, and cast stone.
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Reinforced concrete: The concrete material requires more time and labor for installing.
These materials can be poured at the time of requirement and also precast according to the
requirements. This material requires low maintenance and is less expensive than steel and
iron [1].
Steel, wood and cast iron: Steel, wood and cast iron are commonly available materials and
easier to install than any other material. Steel and iron materials are stronger than concrete
and performs well in resisting vehicle penetration. Apart from this, they require more
maintenance than other materials. For improving the strength of the bollards they can be
combined with concrete and other materials [1].
Cast stone: For installation the cast stone bollard should be huge when compared to other
materials. Granite or stone is often used in earthen walls and benches. Granite is very
attractive and adds beauty to the whole structure [1].
1.6

Motivation
Bollard design typically is not a well developed technique for handling many

scenarios in real world. The available standards and guidelines for choosing a protective
security perimeter device are limited due to lack of assessment of threats. As technology is
growing rapidly, the risk involved in protection of the structures is also an emerging need.
The Vehicle Borne Improvised Explosive Devices (car bombs) are carried in medium to
heavy duty vehicles which paved the way to study and improve the anti-ram bollards.
Computational design methodology would be beneficial in addressing different crash
scenarios and protection offered by the different designs. The cost involved in testing a new
bollard system is very high. Hence, the computational analysis reduces the cost and time,
improves the model specifications easily and relates to the real case scenarios efficiently.
This study addresses the finite element analysis of different types of anti-ram bollards and
further develops a better understanding in addressing today’s guidelines for bollards.
14

CHAPTER 2
LITERATURE REVIEW
Hu et al. [6], performed simulations of various impact crashes to observe the
structural crashworthiness and passenger safety of an off-road utility vehicle. Experimental
modal analysis was performed for the FEM vehicle structure in order to evaluate the
distributed stiffness and mass with original structure. A drop impact test was also conducted
on the FE body model to observe the strain rate dependent coefficients and material
plasticity. Similar type of study were conducted in Paper I [7]. Validations for weight, center
of gravity and mass moment of inertia of all the components of full vehicle were considered
due to their inertia effect on the kinetic energy during the impacts. On the basis of Federal
Motor Vehicle Safety regulations, test conditions were ran. A full vehicle structure was
modelled in ANSYS and simulated in LS-DYNA for the structure of the body, front bumper,
chassis components, radiator, power train, front and rear differentials, steering wheel and
column, fuel tank, seats, container, brackets and a hybrid III 50th percentile male dummy
with a seat belt. The study showed that twist and shear impacts occured during frontal, side
and rollover impacts in the main body frame. During the rollover impacts, fractures were
observed in the main frame body due to lack of strength and stiffness. This resulted in the
absence of weak detachable joints and side doors in the structure tending to design
reinforcement in it. The frontal pole impact resulted as over designed in strength and stiffness
since kinetic energy was not absorbed and no deformations were observed in the front end
frame, whereas the rear end frame was not deformed entirely, but bent upward and also the
container deformed into the main frame leading to serious injury to the dummy during the
rear barrier impact. The head injury criteria HIC values was observed to be high during the
impact. As the fuel tank was deformed seriously in the side pole impact, the design
reinforcement was suggested. Results suggest that the occupant tend to have serious injuries
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in all the four cases, but more likely in the pole side impact based on the HIC values in LHS.
Reinforcement and improvement in the design of the structure was recommended.
Road side barriers and their impact on vehicles were studied by Whitworth et al. [7],
on W- beam guardrail design. A modified barrier was proposed and the finite element code
LS-DYNA was used for simulation of vehicle impact against modified G4-1S W-Beam
guardrail. To obstruct the rail from post routed and non-routed wooden spacer, blockouts
were utilized in the analysis. The modifications include a reduction of the midpoint height of
the rail from 550 to 530 mm, used nails along with non routed blockouts instead of routed
blockouts to withstand block rotation. The blockout distance was increased by 10 mm. These
modifications were made from NCHRP report 350 certified to Level 3 for safety performance
criteria. The barrier components were developed in MSC/PATRAN an LS-INGRID
preprocessor and solver used was LS-DYNA and postprocessor used was LS-POST. A
pickup truck fine element model Chevrolet C2500 developed at National Crash Analysis
Center (NCAC) were used for analysis. Simulations were validated with full scale crash test
data and NCHRP, at a speed as 100 km/hr and an angle of 25 degrees. The simulation results
were then compared with routed and non routed blockouts and test data. It was observed that
for both the cases after the impact, the vehicles were redirected, but for the non routed
blockouts the vehicle roll angles are greater by 15 degrees. The yaw angles were validated
with test data. During the impact, the safety performance with routed blockouts reduced the
vehicle roll over when compared to non routed blockouts.
An approach for crash impact was utilized by Tay et al. [8], where the vehicle
velocity and rotation of the bollard for the numerical and test simulations were studied. Two
bollard designs, namely Shallow Foundation Bollard (SFB) and Surface Mounted Bollard
(SMB) were validated with full scale crash test. The impact test UK BSI PAS68:2010 was
conducted on five types of vehicles, tested at seven speeds. The vehicles N1G, Toyota Hilux
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4x4 pick up truck impacts at 90 degrees with 48 km/hr speed onto the middle bollard of triple
bollard assembly. The assembly of bollard were modelled in LS-Prepost with a concrete
foundation and steel element in it. The FE models of Chervolet C2500 were downloaded
from National Crash Analysis Center (NCAC) and developed further by adding weight to the
cargo bed. Based on the crash test data fitted with closed form functions, haversine, sine and
triangular vehicle crash pulse formulations were used for modelling.
Michael et al. [9] identified different characteristics of pulse formulations like the
type of barrier, the weight and the shape of the vehicle. Here, they [5] focused on single
impact mode for the same vehicle and barrier type. The actual velocity time history curves
were derived from acceleration time history. Load versus time history plot were plotted for
three different vehicle models but the vehicle penetration into bollard were not analyzed. The
results obtained for the velocity time history were validated with full crash tests. During the
collision of pickup model impact against the SFB and SMB simulations, the vehicles were
stopped with no penetration from A pillar base of the vehicle to the rear face of bollard. 7 %
of the internal energy was used for the hourglass energy in both simulations. During the
research, the peak rotational response of bollard was observed to measure the performance of
bollard system. It was also noted that during the simulation of model, the blade deflection
was higher in comparison with the actual deflection in the test. The computational time was
reduced by studying the crash pulse instead of the FE vehicle model. It was suggested that
crash impulse modelling could serve as an alternative approach to the analysis of bollards
subjected to vehicle impact.
A scaling method was introduced by Amato et al. [10] for modelling the
crashworthiness of novel roadside barrier design. EN 1317 standard tests for the vehicles at
20 degree angle were performed in a scaled vehicle barrier crash test. Scaled tests were
undertaken as a new concept was designed for assessing the numerical model with the impact
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on the barrier. This paper aimed at developing a theoretical method for determining the
scaled test impact speed to match with the full scale test speed of the vehicle impact onto the
barrier. Equivalent mass concentric spring oscillator system were taken as a basis for the
scaling technique. Validation's were assessed between the full scale MADYMO model and
the mass model. It was observed that the terms acceleration, velocity, displacement and time
differed by 5% providing a calculation for ASI to obtain the occupant's injury risk based on
the EN 1317 standard. The application of scaling method resulted in a 0.29 % maximum error
with reference to the full scale model. The vehicle acceleration was the basis for the ASI
score and the scaling method was accurate for measuring the injury parameter. For the frontal
impact a linear force crush relation was established for 56 km/hr speeds and similarly a
bilinear model was suggested to be taken for higher severity collisions. The friction
coefficient was considered in scaling method for assessing the barrier working width and the
displacement.
A study on vehicular impact with concrete road side barrier structures was studied by
Yonten et al. [11] in order to develop efficient models. The constitutive concrete models
considered in LS-DYNA were material models 16, 25, 72 and 78. These concrete models
were correlated by simulating with standard triaxial tests and vehicle to barrier crash testing.
The experimental stress-strain data of Attard et al. [12] included 100 MPa of
compressive strength and 5 MPa of low confining pressure for a concrete. Two types of
concrete FE models, a single cubical element and a quarter of a cylindrical specimen were
considered for simulating triaxial experiments. The material model 25 failed in estimating the
post peak non linear pattern of the stress-strain curve and hardening behavior. The material
model 72 was an extension of material model 16 though it needed more parameters which
were not available. The material models 16,72 and 78 under triaxial loading condition
showed better results. The ductility increased with the confining pressure, but decreased with
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the experiment results. However, the material models 16,72 and 78 failed to estimate the
volumetric expansion reduction with an increase in confinement. The simulation and the test
results of vehicle trajectory when compared to actual showed a better correlation for material
models 16 and 25. The failure pattern of barrier was also captured by these models. The
material model 16 was efficient in representing the concrete model in simulations when
compared to material model 72 since it required less material parameters. The rare effect was
not considered for the overall behavior of concrete due to the lack of experimental data.
Tawil et al. [13] studied two truck models impacting finite element models of two
bridge piers at different speeds and structural characteristics. The parameters like stress and
strain at deformations, transient impact forces and equivalent static forces were computed to
meet the structural demands of the pier. The simulated results were not validated with the
bridge pier but compared to bollard collision tests. Additional analysis on mesh refinement,
energy balance, impulse/momentum conservation checks, hour glass energies were studied.
A finite element model of anti ram bollard system was subjected to an impact by Hu
et al. [14]. The simulations performed were validated with the four test results at different
speeds according to the standards SD-STD-02.01 Revision A. 72 numerical experiments were
performed based on the K4 rating and shallow footing anti ram bollards (SFFABS) were
compared to the orthogonal design. From the numerical experiments a minimum height
(Hmin) was predicted as a new deformation tolerance for K4 rating SFFABS. In addition to
the deformation tolerance, the height and diameter of the bollard, strength of the steel tube
also influenced Hmin value.
Lan et. Al.[15] simulation on test results were not appropriate due to the materials
assigned for the surrounding. The bottom of the foundation was not reviewed and the
contacts *CONTACT_AUTOMATIC_NODES_TO_SURFACE used in between the truck
and the bollards caused low accuracy and high computational efficiency as the nodes were
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penetrated. Dawson et al. [16] and Liu et al. [17] did not validate their simulations with the
test results. Bollards of different cross sections were subjected to impact with a medium-sized
truck at different speeds by Bangalore et al. [18]. The finite element analysis and
development of the bollard and truck was performed and validated with the test results. The
material of the bollard and the placement of the bollard was changed to analyze the failure at
high speed.
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CHAPTER 3
OBJECTIVES AND METHODOLGY
Objectives

3.1

The main aim of this study is to utilize Finite Element modelling and analysis
methodology to investigate different anti ram bollards as per ASTM standard test conditions
[19]. The following objectives are identified to reach the goal:
 Develop an efficient and simple computational method for modelling and simulation
of anti–ram bollard designs and correlate with the existing test results
 Study the dynamic response of a bollard subjected to impact with a medium sized
Ford truck F700
 Reconstruct actual scenarios on anti-ram frontal impact in complete tests and correlate
the obtained results
 Examine a single vertical anti-ram bollard design
 Investigate multiple vertical anti-ram bollard design
 Examine the effect of bollard bedding design
 Propose other designs such as a horizontal barrier and study their performance
 For each of the cases studied, measure the vehicle penetration
 Conduct a parametric study on the single bollard design for different material and
different speeds of impact and evaluate the velocity threshold of the bollard
3.2

Assumptions
The following assumptions are made during the study of the crashworthiness of

bollards.


The FE models developed by NCAC are assumed to be a valid vehicle for simulation,
but with difference in mass to the original vehicle. The model lacks steering
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assembly, airbags, etc., but this doesn't affect the current study as there are no
dummies placed inside the vehicle.


The barrier is assumed to be elastic but in reality it is rigid. It was observed from the
simulations that the flexibility of the barrier produces a realistic effect rather than a
rigid one.



The accelerometer in the cargo bed of the NCAC FEA model is assumed to be the
center of gravity of the truck.

3.3

Method of Approach
The current study includes the testing of various types of bollards against medium

duty vehicle, Ford F700 impacting the bollard (systems) at various speeds. A synopsis of the
method of approach is explained with the help of a flow chart as shown in Figure 3.1. The
original Ford F700 vehicle is downloaded from the NCAC [20] website and modified for this
study. The design and development of different types of bollards are performed using CATIA
V5. These designs are meshed in HYPERMESH and simulated in LS-DYNA.
The models were developed to correlate with the existing test results and were further
developed and improved. The velocity of the vehicle, accelerations of engine bottom, the
penetration distances were analyzed. Design protection of the bollard design is further
recommended.
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Figure 3.1 Flow chart representation of method of approach for the current study
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3.4

Computational Tools
Increase in the usage of computational tools paved way for researchers to improve the

design and efficiency of a model, reduce the time in installation and checking a simulation
while the computer is processing the simulation. Also, the input parameters can be varied and
cross checked to the user’s desire with the help of computational tools which in turn reduces
the cost and time consumption involved in a physical test. But, these computational tools can
never replace the physical tests. This study utilizes the computational tools to correlate the
development of FEA models with that of test results. Generally, FEA consists of PreProcessing, Solving and Post-Processing. The following computational tools are used for the
current study.


CATIA V5



HYPREMESH



LS-PREPOST



LS-DYNA

3.4.1 Pre-processing
3.4.1.1 Catia P3 V5R20
Computer Aided Three dimensional Interactive Application, CATIA is a
CAD/CAM/CAE software developed by Dassault Systems. It helps in different stages of
developing a product, namely: conceptualization, designing, engineering and manufacturing.
Creation of 3D parts from 3D Sketches, sheet metal, composites, molded parts, mechanical
assemblies, functional tolerances, kinematics are used in the development of a product. It also
offers to shape the design, styling, surface workflow and visualization create, modify and
validate complex innovative shapes from industrial design. This software was used in 3D
modelling different types of bollards for the analysis purpose [21].
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3.4.1.2 Hypermesh 11.0
Hypermesh developed by Altair, is a high performance Finite Element Analysis tool
for pre-processing a model focusing mainly on engineering productivity. This user friendly
FEA tool enables the engineers to mesh the geometries with a high quality and maximum
accuracy in a short interval of time.
The important features of Hypermesh include automatic mode for shell and solid
elements, BatchMeshing technology (which terminates the manual geometry and meshing
clean up), rapid model assembly of individual parts with their respective Finite Element
representation and it is customizable. A complex geometry can be broken down into simpler
shapes (elements) with the help of meshing tools. This enables the solver to be able to predict
and analyze the complex geometry under the application of an external load. The imported
geometry is meshed and exported to the desired solver format for processing [22].
3.4.1.3 LS-Prepost 4.2
Livermore software PrePost is a pre and post processor, an advanced tool used to give
input data and analyze the post processed data from the solver LS-Dyna. The user interface is
designed to be intuitive and efficient. It can be imported and exported into many common
formats.
The main role of post processing is to review the result animations, fringe component
plotting and XY history potting from the solver. The input parameters like contacts, velocities
and positioning of model is given through LS-pre-processing with an output version of
V971_R7 [23].
3.5 Solver
LS-Dyna 7.1.2 is an advanced general purpose finite element software used for highly
nonlinear, transient dynamic finite element analysis. Theses transient and dynamic analyisis
use explicit time integration method for simulations.
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The word nonlinear here comprises of at least one or more of the following problems:


changing boundary conditions such as contacts between the parts



large deformations



elastic behavior ideally not exhibited by nonlinear materials
Transient dynamic FEA includes the analysis of high speeds, short time intervals and

consists of the following uses:


automotive crash



explosions



manufacturing
Complex real world problems are solved efficiently using this flexible software. This

solver takes the information from input files created from the LS-PREPOST and calculates
the reactions as per the given inputs. These input files can be created with the graphical
processor or text editor and can be used to generate simple ASCII files. Since this software
involves pre and post processing, both the inputs and the outputs can be given [24].
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CHAPTER 4
MODELLING DETAILS, SIMULATION AND RESULTS
4.1

International Standards on Bollards
A proper standard plays a key role in the testing of a standard barrier. In the year 1985

the perimeter security test methods were published as SD-STD-02.01 by the Bureau of
Diplomatic Security, maintained by the U.S. State Department (DOS). The test includes a
medium truck of 6800 kg (15000 lbs) and the payload was securely attached to a frame, the
vehicle velocities were considered at 50 km/h (30 mph), 65 km/h (40 mph) and 80 km/h (50
mph) for the impact. The penetration distance of the vehicle are, respectively, 1m (3 ft), 6m
(20 ft), and 15m (50 ft). They are measured from the attack side of the barrier to the final
position of front frame rails of the vehicle [19]. The standards certified by the Department of
Defense, DOD can be seen in Table 4.1.
Table 4.1 DOD standards of different velocities and assigned designations [19]
Minimum Test Velocity,
km/h (mph)
80 (50)
65 (40)
48 (30)

Test Designation
K12
K8
K4

An updated standard was released in 2003 by the U.S. State Department (DOS) /
Department of Defense (DOD), Bureau of Diplomatic Security as SD-STD-02.01, Revision
A, for the perimeter security barriers. The revised standards include the penetration distance
as 1 m (3 ft) and for consistency of the results a specific diesel powered medium truck was
used. As the structural integrity of the vehicle is lost by the method of attaching rigid ballast
to the vehicle, ballast was unable to simulate like a payload configuration so it was replaced
with a payload of five steel drums of 208 liters (55 gallons) strapped together to the vehicle
load platform with soil filled in them. The revised standard uses the penetration distance
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which is measured from inside face of the perimeter barrier to the front of cargo bed at final
position [19] can be seen in Figure 4.1.

Figure 4.1 Barrier intrusion into test vehicle [1]
Following are the revised standards certified by Department of State, DOS [19] with
barrier’s maximum vehicle impact speed rating shown in Tables 4.2 and Table 4.3.
Table 4.2 Department of State standards [19]
Minimum Test Velocity,
km/h (mph)
80 (50)
65 (40)
48 (30)

Test Designation
K12
K8
K4

Table 4.3 Department of State standard penetration distances [19]
Penetration Distance,
ft (m)
3 (0.915) or less
3-20 (0.915-6.1)
20-50 (6.1-15.3)

Test Designation
L3
L2
L1

The letter ‘L’ indicates the distance of penetration of test vehicle cargo bed into the
inside edge of the perimeter barrier beyond the pre-impact [19].
In addition to the above standards mentioned, ASTM International developed a new
standard, WK2534 as a standard test method for vehicle crash testing of perimeter barriers
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and gates based upon the existing standards of DOD and DOS. Under this new standard the
performance of the barriers are developed with a range of vehicles, speed of vehicles and the
allowable penetration distances [19].
Details of the ASTM standards can be seen in Table 4.4 and 4.5, includes the type of
vehicle, vehicle speed, penetration distance, kinetic energy and test designation.
Table 4.4 ASTM standards for different types of vehicles [19]
Test Vehicle,
kg (lbm)

Minimum Test
Velocity, km/h
(mph)
65 (40)

Small passenger
car
1100 (2430)

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

Pickup truck (P)
2300 (5070)

80 (50)
100 (60)
50 (30)

Medium-duty
truck (M)
6800 (15000)

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

Heavy goods
vehicle (H)
29500 (65000)

65 (40)
80 (50)

Permissible
Speed Range,
km/h (mph)
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)
45-60.0
(28.0-37.9)
60.1-75.0
(38.0-46.9)
75.1-above
(47.0-above)
45-60.0
(28.0-37.9)
60.1-75.0
(38.0-46.9)
75.1-above
(47.0-above)
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Kinetic Energy,
KJ (ft-kips)

Test
Designation

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

Table 4.5 ASTM penetration distances along with the designations [19]
Penetration Distance, ft (m)
3.3 (1) or less
3.31-23 (1.01-7)
23.1-98.4 (7.01-30)
98 (30) or greater

Designation
P1
P2
P3
P4

In the Table 4.5, the letter 'P' indicates the allowable penetration distance between the
vehicle and the barrier upon an impact [19].
Table 4.6 Types of medium-sized truck with permissible weights [19]
Make

Model

Ford

F650

Ford

F700

Chevrolet

C6500

Freightliner

FL60

International

4700,
DT466E

International

1652

GVW, kg (lb)
8850-11800
(19500-26000)
11100-13800
(24500-30500)
9530-11800
(21000-26000)
8170-12000
(18000-26500)
6130-11800
(13500-26000)
9750-12700
(21500-28000)

The typical U.S. medium sized trucks which are used for the purpose of analysis can
be seen in Table 4.6.
4.2

Model of Test Vehicle (Truck)
FE model of Ford truck is available at NCAC website for research purposes [20]. A

Ford single unit pick up truck F800 is chosen for the analysis as the S1900 vehicle is not
available from NCAC website. The components of the vehicle, stiffness of vehicle and
material properties assigned and developed by NCAC [20] closely relate to the test vehicle
model. The vehicle dimensions for a medium duty truck (F800) can be seen in Figure 4.2.
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Figure 4.2 Vehicle dimensions of test vehicle (Ford F700 truck) [14]
Hu et.al [14] analyzed the important dimensions between NCAC developed vehicle
and test vehicle and concluded that most of the important dimensions of the model are same
except a few. This determines that the Ford single unit truck is in good agreement with the
test vehicle and can be used for the current study.
The original model was further developed by reducing the weight of test vehicle from
8000 kg to 6730 kg for the first correlation, to 6864 kg in crash test I (K4 rating) [14] and
further reduced to 6803 kg in crash test III (K8 rating) [14] for the second correlation. The
density of the added mass in the vehicle model was changed for the above correlation
purposes. The detailed explanation of the above three tests is discussed in later chapters.
Details such as the number of solid, beam and shell elements of the original and the
developed model are shown in the Table 4.7.

31

Table 4.7 Comparison between original and developed model
Parameter Original Vehicle Modified Vehicle
Parts

151

150

Elements
Solid
elements
Beam
elements
Shell
elements

35,400

34,800

886

886

548

548

33861

33261

Nodes

38949

38541

Figure 4.3 Original model of truck (Test vehicle)

Figure 4.4 Developed FE model of Truck
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Figure 4.5 Test vehicle [26]
4.3.1 Analysis of Single Vertical Bollard
To verify the model accuracy and approach towards the crashworthiness of a ballad, a
correlation between the test and current study analysis is made. The bollard dimensions and
exact specifications of the truck are not available due to security reasons [13]. But, the mass
of the truck is 66KN (6730 kg) and the approach speed is 78 kph. A hollow circular bollard
with specifications of 270 mm outside diameter, 135 mm inside diameter, length of 1800 mm
specifications was taken in a similar study by Banglore et al.[18]. These specifications were
used in the current study.
The geometry of the bollard is modelled in CATIA with the above mentioned
specifications while the FEA (meshing) is performed in HYPEREMESH. Type of meshing
used is quadratic meshing for the solid elements as shown in Figure 4.5, as there is a need for
these elements to undergo stress and load distribution evenly during the vehicle impacts. FE
single model consists of quadratic 4 node elements. Penetration of the elements is avoided
and the elements are cross checked for quality of mesh.
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Table 4.8 Comparison of bollard structure with and without concrete
Parameter
Bollard without Concrete Bollard with Concrete
Parts
1
2
Elements
10800
30600
Solid Elements
10800
30600
Nodes
14560
36491

Figure 4.6 Finite element mesh on bollard
The peak generated at a speed of 78 kph is correlated by the previous study [13] [18]
at a speed of 90 kph (55.92 mph). Current research involves the same simulation setup as
shown in Figure 4.6. The type of material card used is MAT_ELASTIC for the bollard, the
details of the card are given below for steel and aluminium:
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Material properties of Steel AISI 5055:


Mass density = 7.85 x 10^-9 kg/mm^3



Young’s modulus = 205 x 10^3 kg/mm^2



Poisson’s ratio = 0.29

Material properties of Aluminium 7075 T6:


Mass density = 2.81 x 10^-9 kg/mm^3



Young’s modulus = 71.7 x 10^3 kg/mm^2



Poisson’s ratio = 0.33
The contact type *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE were

given in between the truck and bollard. The bottom nodes of bollard are constrained in every
degree of freedom to ensure that the bollard is fixed. A realistic scenario of the bollard fixed
over a concrete foundation is achieved by fixing all the bottom nodes. Simulation setup is
shown in the Figure 4.7. The bollard is placed near to the truck to reduce the simulation time.
D3 plots are generated for a time interval of 0.3 seconds [18].

Figure 4.7 Simulation setup of single vertical bollard
Since the overall trend of setup and method of approach is similar, the results are
compared with each other despite the variation in structural properties.
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4.3.1.1 Results of Single Bollard
The peak generated at a speed of 78 kph is correlated to the previous study [13] [18]
at a speed of 90 kph (55.92 mph). As shown in Figure 4.8, the simulation results follow the
trend with the test results and also the simulations of previous study.
Comparison between computed and measured force-time data
Simulation at
55.92mph[19]
Test results at
48.46mph[20]
Simulation at 55.92mph
(this study)

8000
6000

Force (KN)

4000
2000
0
-2000

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

-4000
-6000
-8000

Time (seconds)
Figure 4.8 Force – Time plot [13]

As shown in Figure 4.9, the peak is obtained at 0.05 second time interval at 7577 KN
force and the measured peak is at 7058 KN with a percentage error of 7%, which is an
acceptable range for correlation purposes and can be seen in Table 4.9.
Table 4.9 Measurement of force and its correlation with test and simulations
Type of
measurement

Test
[19]

Force (kn)

7869

Previous
Simulation
[19]

Simulation
(this study)

7577

7058
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Difference
with Test %

Difference with
previous
simulation %

10.30%

7%

Comparison between computed and measured force-time data
Simulation at
55.92mph[19]
Simulation at 55.92mph
(this study)

8000

Force (KN)

6000
4000
2000
0
0

0.05

-2000

0.1

0.15

0.2

Time (seconds)
Figure 4.9 Force – Time simulation plot [13]

The vehicle velocity of the engine bottom part is correlated with the previous study
[13] and it is noticed that at 0.05 second time intervals the velocity is decreased, which means
that the bollard is resisting the vehicle impact. Later, the velocity is settling down at zero
proving that the velocity of the vehicle is being arrested as shown in the Figure 4.10.

Vehicle velocity (mm/sec)

Calculated versus measured velocity of engine bottom
16000
11000
6000

1000
-4000

0

0.02

0.04

0.06

0.08

0.1

Time(seconds)
Figure 4.10 Velocity on engine bottom [13]

As shown in Figure 4.11 energy plot, conservation of energy can be clearly observed.
The kinetic energy is completely transferred into internal energy as the total energy is a
straight line.
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Energy curve for Ford truck impacting a single bollard at 55.92 mph
Energy (N-mm) (E+9)

2.5
2

Kinetic Energy
Internal Energy
Total Energy

1.5
1
0.5
0
0

0.05

-0.5

0.1

0.15

0.2

Time (seconds)
Figure 4.11 Energy plot

The displacement of the center of gravity of the test vehicle is gradually increasing till
0.12 second time interval as the vehicle is still in motion and is constant later indicating that
the bollard stopped the vehicle completely can be seen in Figure 4.12.
Global displacement
Displacement (mm)

2500
2000
1500
1000
500
0
0

0.05

0.1

0.15

0.2

Time (seconds)
Figure 4.12 Displacement plot
The velocity profile of the center of gravity of the vehicle is tending to be decreasing
till 0.14 seconds, indicating that the initial velocity is decreased gradually and becoming
constant at the end of the simulation as shown in Figure 4.13.
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Velocity of CG of the Vehicle
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Figure 4.13

Velocity of the vehicle

The deceleration of the vehicle can be seen in Figure 4.14, more likely at 0.12
seconds and becomes zero at 0.18 seconds, indicating that the simulation was successfully
run.
Acceleration of CG of the Vehicle
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Figure 4.14 Acceleration of the vehicle

As the correlation was fruitful with that of the test and simulated results by previous
studies [13] [18], the single bollard is further developed with an addition of concrete inside
the hollow bollards shown in the Figure 4.6. The outside diameter of concrete filled bollard is
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135 mm and meshed with 3D solid quadratic elements. Following concrete properties are
given in the MAT_ELASTIC card.
Material properties of concrete are:


Mass density = 2265 x 10^-9 kg/mm^3



Young’s modulus = 48 x 10^3 kg/mm^2



Poisson’s ratio = 0.2
The bollard casing dimensions are assumed to be the same and the material of bollard

casing is changed to predict an efficient bollard system at different speeds with a minimum
cost according to requirements of installation. The pass/fail criteria for different bollards can
be seen in Table 4.10.
Table 4.10 Pass/fail criteria of different Bollards
Impact Speed of Vehicle
35 mph

50 mph

65 mph

80 mph

Steel with concrete

Pass

Pass

Pass

Fail

Steel without concrete

Pass

Pass

Pass

Fail

Aluminium with concrete

Pass

Pass

Pass

Fail

Aluminium without concrete

Pass

Pass

Fail

Fail

Type of Bollards

As shown in Table 4.10, it can be predicted that aluminum fails after 50 mph without
concrete as shown in Figure 4.15, whereas aluminum with concrete resists the failure as
shown in Figure 4.16. In addition to the above criteria, most importantly the bollard failure is
dependent on its efficiency in resisting the vehicle intrusion.
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Figure 4.15 Fail criteria - Aluminum without concrete at 0.1 second, 65 mph

Figure 4.16 Pass criteria - Aluminum with concrete at 0.1 second, 65 mph
4.3.1.2 Effect of Flexibility
The Ford truck is subjected to impact with the rigid and flexible barriers at 50 mph to
represent the rigid and elastic behavior of bollards, similar to a study [13]. Automatic surface
to surface contacts are given in between the truck and the bollards to avoid penetrations of
the vehicle models. As shown in Figure 4.17, there is a small difference between the resultant
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contact force for rigid and flexible bollards. The rigid bollard attracts 27% more forces than
the elastic bollard. The above test signifies the importance of flexibility of a structure in an
impact. To achieve realistic results flexible structures are used in a computational model
when compared to a rigid structure which are computationally attractive.
Resultant contact force for rigid and deformable bollards impacted
by Ford truck at 50 Mph
7000

Resultant contact force (KN)

Deformable barrier(this
study)

6000

Rigid barrier(this study)
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3000
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1000
0
0

0.02

0.04

0.06

0.08

0.1

Time (seconds)
Figure 4.17 Comparison of rigid and deformable bollards
4.3.1.3 Impact Process and Simulation Time
The impact of truck with the bollard is a head on collision subjected to impact at
different approaching speeds, i.e., 35, 50, 65, 80 mph simulated for a time interval of 0.3
seconds. The simulations are analyzed for the vehicle velocity, conservation of energies,
acceleration of the vehicle and the global displacement of the vehicle.
4.3.2 Analysis of K4 Rating Bollard - Simplified Beddingl
The standards SD- STD- 02.01 Revision A [19] was tested by Pennsylvania
Transportation Institute [25] and KARCO Engineering [26] [27] on anti ram bollards system
impacted against a medium-duty vehicle. Four different types of crash tests were carried out
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during 2005-06 to verify International standards. The current research is based on the crash
test I (K4 Rating) and the crash test III (K8 Rating).
The crash test I (K4 Rating) involves an international S1900 truck (medium sized
truck) of 6864 kg impacted the K4 rating shallow foot fixed anti ram bollards at 52.0 km/h.
The bollard system consists of five steel tubes filled with concrete. The height of bollard is
1016 mm, diameter is 254 mm, thickness of the tube is 25.4 mm and the spacing in between
the bollards is 1372 mm and the foundation depth is 165 mm. It is understood that the driving
force for the vehicle is achieved with a 2 to 1 pulley system connected to a fixed prime mover
and a cable drive system. A nylon rope fastened to a steel cable was towed by a medium duty
vehicle to the bollards within a distance of 0.6 m. On contact with a cable released
mechanism by the vehicle, the fastener was released from the steel cable, allowing the
vehicle to travel on its own pace for a distance of 0.6 m. The impact between the vehicle and
the bollard system occurs between the bumper and the mid bollard. Penetration distance was
found to be -1.60 m, lesser than the penetration limit (P1 mentioned in the Table 3.5) of 1.0
m. This specifies that the bollard system is categorized to be a K4 rating shallow footing
system [14].
4.3.2.1 Boundary conditions and contacts
The steel tubes and the shaped steel frame are modelled in CATIA and meshed using
HYPERMESH. Boundary conditions and contacts for both the K4 and K8 ratings are same.
Bollard system consists of five steel tubes filled with concrete as shown in Figure 4.15,
height of the Bollard is 1016 mm, diameter is 254 mm, thickness of the tube is 25.4 mm and
spacing in between the Bollards is 1372 mm with foundation depth of 165 mm. 4-noded
shell elements were used for the steel tubes [14]. A comparison between the test model and
simulation model of the blade system can be seen in Figure 4.15. Details of the simplified
bedding model can be seen in Table 4.11.
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Figure 4.18 Actual K4 Bollard system [26] and developed K4 bollard system
Table 4.11 Details of simplified bedding model
Parameter
Simplified Bedding Model
Parts
3
Elements
51113
Solid Elements
22780
Beam Elements
0
Shell Elements
28333
Nodes
56101
Material properties are considered to be the same as in study by Hu et al. [14].
Accordingly the 3 mid bollard steel tubes and the shaped steel frames are considered to be the
first region of impact from the vehicle. This first region is given an integration to thickness
value of 5 for more accuracy. The second region constitutes the two side bollard steel tubes
and the bottom shaped steel frame. The Belytschko - Tsay formulation was used with an
integration to thickness value of 3 and the piecewise linear plastic material (*MAT_024) was
assigned.
The concrete inside the steel tubes was meshed using solid 8-noded elements and
assigned the material property as Release III of Karagozian & Case concrete model
(*MAT_072R3). The properties of the material are assumed to be the same as one by Hu et
al. [14].
The surrounding concrete, bottom soil and foundation was modelled as 8-noded solid
elements with one intergration point. Release III of Karagozian & Case concrete model
44

(*MAT_072R3) was used for modelling the surrounding concrete. The material properties of
bottom soil were given under Drucker-Prager model (*MAT_193). The steel reinforcement
was modelled as a 2-noded beam elements and piecewise linear plastic material
(*MAT_072R3) was used. The road surface was modelled as 4 noded shell elements with a
rigid material (*MAT_20) [14].
The contact in between the steel tubes and shaped steel frame, steel reinforcement and
shaped steel frame, and steel reinforcement and concrete foundation used is
*CONTACT_TIED_NODES_TO_SURFACE. The contact in between the steel tubes and
concrete inside the tubes, the shaped steel frame and the concrete foundation, the surrounding
concrete and the bottom soil used is *CONTACT_TIED_SURFACE_TO_SURFACE. The
contact in between the vehicle and Bollards, vehicle and foundation, foundation and
surrounding

concrete

and

foundation

and

bottom

soil

used

is

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE with a static coefficient of friction
of 0.4 and a dynamic coefficient of friction of 0.3 [14].
The bollard system bedding is simplified from the detailed bedding model to decrease
the high computational time involved. But, the specifications of the bollard are considered to
be the same. The reduced Bollard system is computed and the results closely followed the
actual simulation as shown in the Figure 4.19. This determines that the current study method
of approach is appealing and further the analysis of the results are carried out for the event
timings, vehicle penetrations, energies, bollard deflection, accelerations and velocity
histories.
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Figure 4.19 Comparison of pre and post impact for test and simulation [26]
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4.3.2.2 Results of K4 rating bollard
From the Figure 4.20 plot, it can be observed that the simulation of the current study
closely followed the previous study [14].The velocity is gradually decreasing from 0.1
second to 0.2 second and gets stablilized after the impact.
Numerical simulation vs test results-crash test I

60

Simulation at 52 Km/h
[18]

Vehicle velocity(Km/h)

50

Test results at 52 Km/h
[8]

40
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Simulation at 52 Km/h
(this study)

20
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0

-0.1

0

0.1

-10

0.2

0.3

0.4

0.5

Time (seconds)
Figure 4.20 Vehicle velocity for test and simulation [14]

The deceleration of the vehicle shown in the Figure 4.21 is gradually decreasing till
0.1 seconds and accelerating till 0.2 second time interval and is gradually getting stablilized
with a few rebounds in the curve.
Acceleration of vehicle
Acceleration (g's)

3
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0.1

0.2

0.3

-7
-12
-17
-22

Time (seconds)
Figure 4.21 Acceleration profile
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0.4

0.5

The displacement of the center of gravity of the test vehicle shown in Figure 4.22 is
gradually increasing till 0.15 second time interval as the vehicle is still in motion and is
constant later indicating that the bollard stopped the vehicle most of the time.
Global displacement
Displacement (mm)

1600
1400
1200
1000
800
600
400
200
0
0

0.1

0.2

0.3
Time (seconds)

0.4

0.5

0.6

Figure 4.22 Displacement profile
As shown in Figure 4.23 energy plot, the conservation of energies can be clearly
observed. The kinetic energy is completely transferred into internal energy and the total
energy is a straight line.
Energy curve for Ford truck impacting K4 rating Bollard
9.00E+08
8.00E+08

Energy (N-mm)

7.00E+08
6.00E+08

Kinetic
Energy
Internal
Energy

5.00E+08
4.00E+08

3.00E+08
2.00E+08
1.00E+08
0.00E+00
0

0.1

0.2

0.3

Time (seconds)
Figure 4.23 Energy profile
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4.3.3 Analysis of K8 Rating Bollard - Simplified and Detailed Bedding
The crash test III(K8 Rating) is similar to crash test I(K4 Rating) but, the bollard
design is different. The K8 rating deep foot fixed anti ram Bollards consists of the same test
setup as discussed in earlier sections of this chapter. The Ford F700 vehicle is about 6803 kg
weight and impact the bollards at a speed of 69.3 km/h. The bollard system consists of five
steel tubes filled with concrete, height of the bollard is 1016 mm, diameter is 254 mm,
thickness of each tube is 25.4 mm, spacing between the bollards is 1372 mm with the
foundation depth of 305 mm as shown in Figure 4.22. The driving force of the vehicle is
same as that of crash test I. The impact between the vehicle and bollard system occurs
between the bumper and the middle bollard. The penetration distance was found to be -1.40
m, lesser than the penetration limit (P1 mentioned in the Table 4.5) of 1.0 m. This specifies
that the bollard system is categorized to be a K8 rating deep footing system. The event
timings, vehicle penetrations, energies, bollard deflection, accelerations and velocity histories
were analyzed for the simplified and detailed bedding as shown in the Figures 4.24 and 4.25
[14]. The pre and post impact of the bollard system are shown in Figure 4.27. The details of
the simplified and the detailed bedding model can be seen in Table 4.12.

Figure 4.24 Simplified bedding FE model

Figure 4.25 Detailed bedding FE model
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Table 4.12 Comparison between simplified and detailed bedding models

Parameter
Parts
Elements
Solid Elements
Beam Elements
Shell Elements
Nodes

Simplified
Bedding Model
3
396735
356195
0
40540
479442

Detailed
Bedding Model
7
781401
737909
2952
40540
903698

Figure 4.26 Comparison between the test and simulation setup [27]
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Figure 4.27 Pre and post impacts of the bollard systems [27]
4.3.3.1 Results of K8 rating bollard
As shown in Figure 4.28, it can be observed that in the simulations of current study,
both the detailed and simplified bedding model are closely following the previous study [14].
The velocity is gradually decreasing from 0.1 second to 0.2 second and gets stablilized after
the impact.
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Numerical simulation vs crash test III

Vvehicle velocity (Kmph)
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Figure 4.28 Vehicle velocity of simulation and test results [14]

The deceleration of the vehicle as shown in Figure 4.29, is gradually decreasing till
0.1 seconds and accelerating till 0.2 seconds and tried to get stablilzed after that with a few
rebounds in the curve.
Acceleration of center of gravity of vehicle

Acceleration (g's)
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Figure 4.29 Acceleration profile
The displacement of the center of gravity of the test vehicle as shown in the Figure
4.30, is gradually increasing till 0.15 second time interval as the vehicle is still in motion and
is constant later indicating that the bollard stopped the vehicle.The peak value is obtained at
2223.4 mm for the detailed bedding model where as the peak value is obtained at 1867.7 mm
for the simplified bedding model. It is observed that this displacement was 355.7 mm higher
than that of the simplified bedding model.
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Global displacement of K8 rating detailed and simplified bedding
bollard models
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Figure 4.30 Displacement profile for K8 rating.
From the energy plots from detailed and simplified bedding as shown in Figure 4.31
and Figure 4.32, conservation of energies are observed. Kinetic energy is completely
transferred into internal energy as the total energy is almost a straight line with few bumps
indicating that the vehicle model can be re-meshed for better results.
Energies of K8 rating of detailed bedding model
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Figure 4.31 Energy profile of detailed bedding model
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Figure 4.32 Energy profile of simplified bedding model
The results obtained during the K4 and K8 rating Bollard simulations [14], can be
seen in Table 4.13.
Table 4.13 Comparison of simulated and test results for vehicle penetrations
Vehicle penetration (m)
Previous study Simulation (this
Type of
Penetration
[18]
study)
designation
type

Test

Test [8-9]

K4 Rating Bollard
(Simplified bedding)

-1.6

-1.93

-1.28

M30(50Kph)

P1/P2

K8 Rating Bollard
(Simplified bedding)

-1.4

-1.58

-1.76

M40(65Kph)

P1/P2

K8 Rating Bollard
(Detailed bedding)

-1.4

-1.58

-2.02

M40(65Kph)

P1/P2

4.3.4 Simulation of Truck Impact on a Bomb (Horizontal) Barrier
The proposed model is designed to the specifications taken from the TTI Crashworthy
researches [28]. A 24 foot width steel barrier with a diameter of 12 inches, thickness of 65.7
mm and a height of 3 feet above the ground is buried 18 inches deep in the dirt. The finite
element model of the bomb barrier can be seen in the Figure 4.33.
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Figure 4.33 FE model of Bomb Barrier
8-noded solid elements were used for the steel barrier and the piecewise linear plastic
material (*MAT_024) was assigned. The surrounding soil specifications are, length of 8500
mm, depth of 600 mm and a width of 3000 mm. Release III of Karagozian & Case concrete
model (*MAT_072R3) was used for modelling the 8 noded surrounding concrete. The
material properties of the 8 noded soil were given under Drucker-Prager model (*MAT_193).
The contact in between the vehicle and steel bollard, vehicle and the concrete, concrete inside
the

tubes

and

the

steel

casing,

concrete

and

surrounding

soil

used

is

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE with a static coefficient of friction
of 0.4 and a dynamic coefficient of friction of 0.3. The bollard system is analyzed with and
without concrete inside the horizontal bollard and the details can be seen in Table 4.14 and
the results are compared at different speeds.
Table 4.14 Comparison of horizontal bollard with and without concrete

Parameter
Parts
Elements
Solid Elements
Beam Elements
Shell Elements
Nodes

Bollard without Bollard
with
concrete
concrete
3
4
9096
12111
9096
12111
0
0
0
0
13224
17032
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The dynamic response of the bollard system is analyzed for the simulation generated.
Figure 4.34 shows the event timings during the pre and post impact of the Bollard system.

Figure 4.34 Event timings of the bollard system [28]
4.3.4.1 Results of K8 Rating Bollard
The velocity of the vehicle with and without the concrete as shown in Figure 4.35,
follows the same trend of decrease in the velocity from 0.06 to 0.2 second time interval.
56

Velocity of the vehicle
50
45

With concrete(this
study)

Velocity (mph)

40
35

Without concrete(this
study)

30
25
20
15
10
5
0
0

0.05

0.1

0.15

0.2

Time (seconds)
Figure 4.35 Velocity profile of the vehicle
The acceleration of both the studies as shown in Figure 4.36, tend to decrease till 0.07
seconds and then increase till 0.13 second and tend to be stable at the end of the simulation
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Figure 4.36 Acceleration profile of the vehicle
The vehicle center of gravity displaces gradually till 0.2 second time interval as

shown in the Figure 4.37.
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Figure 4.37 Displacement profile of the vehicle
The energies of the bomb barrier with and without the concrete as shown in Figure
4.38 and Figure 4.39, closely resemble each other with a straight line and a bump at 0.04
second time interval could be caused due to inaccuracy of FE modelling of the bollard
systems.
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Figure 4.38 Energy profile of bomb barrier without concrete
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Figure 4.39 Energy profile of bomb barrier with concrete
The vertical and horizontal bollards were compared for the amount of penetration at
0.1 second after impact, for the simulation of steel bollard with and without concrete
inside.The results showed that the penetration values for horizontal bollard was less when
compared to that of the vertical bollard.
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CHAPTER 5
CONCLUSIONS
5.1

Conclusions
The goal of this study was to develop a computational methodology for the design

and simulation of various anti-ram bollards via finite element modelling and analysis.
Various bollard designs were modelled along with modifications on an existing medium-duty
(Ford F700) truck impacts of simulations during the frontal impacts. The results obtained
were correlated with the test results in terms of kinematics of the truck, nature of
deformations and the amount of vehicle penetration.
The computational results of a single bollard (vertical) study were in reasonable
agreement with the test results within 7% in terms of prediction of contact force development
between bollard and the vehicle. During the impact, the steel bollard when compared to
aluminum gave good results in providing additional stiffness in resisting the vehicle.
Aluminum has low density when compared to Steel which leads the structure to initial
vibrations followed by deformations. The steel bollard with concrete and without concrete,
aluminum with concrete resists the vehicle successfully at 65 mph. The steel bollard without
concrete resists the vehicle where as the aluminum bollard fails in resisting the bollard at a
same speed of 65 mph. Aluminum without concrete could only withstand the vehicle at a
speed of 50 mph.
Development of the bollard with concrete filled casings showed better results rather
than hollow bollard casings. This is because concrete is a composite material with high
strength. Hence, steel and concrete makes a good combination for resisting the vehicles. The
effect of deformability of bollard was observed to be a key point for the analysis of bollard
system.
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The K4 and K8 rating bollards were modelled, analyzed and executed. The results
showed to be in good agreement with the tests [26], [27] and the simulations from the
previous study by Hu et al.[14] and the vehicle penetrations were within 15%. The reduced
and full model of K8 rating bollard system were in correlation with the test results in terms of
vehicle velocities (within 10%). The total energy absorbed constitutes the internal and the
kinetic energy, which is almost linear with little offset due to modelling errors in some cases.
These bollards resist the vehicles very efficiently.
The proposed bomb barrier (horizontal) simulations showed better resistance to the
vehicle impacted by absorbing impact energy with less deformation to the barrier itself. The
horizontal bomb barrier absorbs the distributed energy over a wide area when compared to
single fixed vertical bollard.
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CHAPTER 6
RECOMMENDATIONS
Recommendations for Future Studies

6.1

Based on the results obtained and conclusions made from this study the following are
recommended for further study:
•

Development of the bollard system further by improving the bollard material with
different combinations of materials.

•

Evaluation of other types of bollard systems such as Crash gates, Jersey barriers,
Retractable Bollards.

•

Analysis of the Bollard impulse can be considered.

•

Analyze other test vehicles impacting the bollard at different angles and different
speeds.

•

Design aspects of the bollards can be changed with respect to the accepted Bollards.

•

The proposed bomb barrier in the current study can be further validated to the test
results, as the specifications of the complete model are currently unavailable from TTI
[28].

•

The Vehicle Borne Improvised Explosive Device can be restricted using the current
study.

•

Further detailed Test study on Bomb barriers leads to an improved safety for the
structures.

•

The five steel drums, which are placed on the cargo bed can be modelled and
evaluated for more accurate scenarios.
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