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ABSTRACT
Among the measures used to protect personnel from terrorist attacks are massive
concrete vehicle barriers which form a perimeter around the protected establishment.
Typical concrete barriers can be brittle and will break apart easily when exposed to a
close-in blast. Fiber reinforced cementitious composites (FRCCs) can be used to
overcome this drawback since fibers in a concrete mix carry tensile forces that keep
fragments from breaking off. Another promising solution is a polymer coating, such as
polyurea, which can introduce added ductility and contain fragments of concrete from
flying away. Full scale barriers of traditional concrete, two fiber reinforced concretes,
two fiber volumes of high performance fiber reinforced cementitious composite, and
polyurea coated concrete were tested under contact charge blast loads to assess their
performance against a known threat. The fiber reinforced concrete barriers performed
much better than their fiberless counterparts with only 7-18% of material being ejected
from the barrier compared to 41% in the control barrier. The 0.5 mm (0.02”) polyurea
coating only slightly improved the performance of the barriers with 36% of material
being ejected. An analytical model using the finite element code LS-DYNA was found
to be able to predict crater dimensions and relative damage with reasonable accuracy.
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Chapter 1
Introduction
In recent years, the threat of global terrorism has heightened the need for
perimeter security around critical establishments. Installations such as embassies,
military bases, and critical infrastructure rely on a strong perimeter to prevent terrorist
attacks from causing widespread destruction in the form of structural damage and human
casualties. A critical installation, either at home or abroad, is often protected from
vehicle entry with massive concrete vehicle barriers. These are designed to limit the
damage caused by threats such as vehicle-born improvised explosive devices (VBIEDs)
by increasing the standoff distance from the center of the blast to the intended target.
However, as the threat of terrorism continues to evolve, so must the technology
used to defend against it. An initial attack on the perimeter defenses can be done with a
human carried explosive detonated in contact with a barrier, in some cases causing a
breach in the perimeter. A vehicle containing explosives is then free to pass through the
breach and attack its target. In addition to the secure perimeter being breached, any
attack on a barrier can cause flying secondary debris that can harm personnel and damage
buildings and critical infrastructure.
Concrete has traditionally been used in many protective applications due to its
high mass per unit cost, allowing large barriers to be constructed economically. However
the drawback of concrete as a building material lies in its brittle nature. Concrete’s
inability to carry large tensile stresses means the material is prone to spalling, the ejection
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of material from the front face, and scabbing, the loss of material from the back face
(Bangash and Bangash 2006). Even concrete reinforced with steel can exhibit spalling
and scabbing since the member will only behave in a ductile manner when it responds as
a unit. Extreme loadings such as blasts cause localized effects which prevent the
structure from behaving as a unit and allow for unreinforced areas to be ejected.
One means of overcoming this behavior in concrete is to use a mix containing one
or more types of short discontinuous fibers. Randomly dispersed and oriented fibers in a
concrete mix have been shown to increase impact strength and fractures toughness (ACI
544 1996), improve tensile strength and ductility (Akihama et al. 1984), and better resist
spalling (Lan et al. 2005). These fibers can be made of steel, glass, synthetic polymers,
or natural materials. Much research has been carried out on steel fiber reinforced
concrete (Luo et al. 2000, Lan et al. 2005, Agardh 1997, Song et al. 2005) and with some
types of synthetic fibers (ACI 544 1996, Maalej et al. 2005) under dynamic loading. This
research has been carried out mostly with fibers around 25 mm (1”) in length or less.
Longer fibers typically have not been studied due to problems with balling of the fibers
during mixing (ACI 544 1996).
A coating was developed for carbon fiber yarn allowing fibers of lengths up to 75
mm (3”) to be incorporated into a mix by increasing the initial fiber rigidity (Musselman
2007). This coating has also been applied to individual nylon fibers that are also cut to
75 mm (3”) in length. After the rigid fibers are mixed into the concrete, the coating
dissolves and cement paste surrounds the individual fibers before hardening. With
correct mix proportioning, mixes of carbon (CFRC) or nylon (NFRC) fiber reinforced
concrete can achieve good workability and fiber dispersion. The greater fiber lengths
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cause more energy to be released during fiber pullout, resulting in greater post peak
ductility of the composite. Concrete mixes of carbon or nylon fibers have been
successfully implemented with fiber volumes of 2.5% for members without
reinforcement and 1.5% for members containing reinforcement (Musselman 2007).
Greater volumes of fibers in a concrete mix will typically cause the material to
exhibit greater tensile strength and ductility since there are more fibers bridging each
crack. The difficulty arises in incorporating the fibers into a workable mix. Since the
large amount of fibers requires more cement paste to coat them, these mixes often contain
no course aggregate. Mixes have also been engineered to achieve an optimal balance
between high modulus fibers (e.g. carbon and steel), which improve strength, and low
modulus fibers (e.g. polypropylene and polyethylene), which improve ultimate strain
(Maalej et al. 2005). These concrete mixes are sometimes called High Performance Fiber
Reinforced Cementitious Composites, or HPFRCCs, when they exhibit properties
superior to normal fiber reinforced cementitious composites, such as strain hardening in
uniaxial tension (Naaman and Reinhardt 2005).
Other measures can be taken to mitigate spalling and increase strength in barriers.
Recent full scale blast tests of polyurea coated masonry walls demonstrated the polymer’s
ability to introduce ductility and contain secondary fragments in the system (Davidson et
al. 2005). Polyurea can be sprayed onto concrete in layers or cast on the surface until the
desired thickness is reached. Though polymeric coatings do not actually improve the
spall resistance of the concrete itself, they have the potential to contain fragments of
concrete that break off during a blast so they will not become a flying hazard. The
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polymer’s bond to the concrete also allows for composite action and the system as a
whole can behave in a more ductile manner.

1.1 Problem Statement
This study will determine if traditional concrete, carbon and nylon fiber
reinforced concrete, high performance fiber reinforced cementitious composite, and
polyurea coated concrete vehicle barriers are successful in preventing vehicle entry and
minimizing secondary debris after being attacked by a known in-theater explosive threat.

1.2 Objectives
The primary objective of this study is to find the suitability of traditional concrete,
fiber reinforced concrete, high performance fiber reinforced cementitious composite, and
polyurea coated concrete vehicle barriers in preventing vehicle entry after an explosive is
detonated in contact with the barrier. The secondary objective is to compare the debris
fields created from the blasts to understand which barrier types are more effective in
minimizing the threat of secondary fragments. The tertiary objective is to assess the
accuracy of an analytical model used to predict the behavior of several different barrier
types (traditional concrete, carbon fiber reinforced concrete, and polyurea coated
concrete) under contact charge blast loading.
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1.3 Scope
The scope of this research includes full scale blast tests of traditional concrete,
carbon and nylon fiber reinforced concrete, two fiber volumes of high performance fiber
reinforced cementitious composite, and polyurea coated concrete vehicle barriers. The
barriers were placed in a chain and a charge of C-4 explosive was detonated at the center
in contact with the barrier. Due to the extreme heat and pressure generated by such a
blast, the only instrumentation that was running during the test was a free field pressure
gauge and a high speed video camera. Post blast data was documented with digital
photographs, permanent deflection measurements, and debris field mapping of all
fragments of diameter 125 mm (5”) and larger.
An analytical study was also carried out for the materials where sufficient
laboratory data existed to adequately define the parameters of the material model. These
included traditional concrete, carbon fiber reinforced concrete, and polyurea coated
concrete. The analytical models were developed with the Lagrangian finite element code
LS-DYNA (LSTC 2007) using the concrete material model “Continuous Surface Cap
Model” (Murray 2007b). An element erosion algorithm was invoked and the model was
validated against experimental data by comparing the damage observed from the
specimens with that observed from the models. Recommendations for modeling concrete
vehicle barriers under blast loads were also made so future barrier designs may not have
to be tested experimentally to be proven adequate for service.

Chapter 2
Background
This section examines topics relevant to this research such as blasts, materials,
and modeling. Blast barriers, blast loads, and blast resistant design are first discussed.
Then, material information on fiber reinforced concrete (FRC), high performance fiber
reinforced cementitious composite (HPFRCC), and polyurea coated concrete is included.
Finally, approaches commonly used for analytical modeling of concrete under blast loads
are outlined.

2.1 Blast Barriers
In recent years, terrorist attacks on personnel, inhabited buildings, and critical
infrastructure have been frequently executed using vehicle born improvised explosive
devices, or VBIEDs, where an explosive is placed inside a vehicle and detonated as close
as possible to a target. This threat has caused designers to more commonly design for
blast resistance of targeted structures and implement perimeter defenses in an effort to
increase the standoff distance from the blast to the target. Bollards, walls, and massive
barriers have been among the most common types of perimeter security. The primary
purpose of these systems is to prohibit the entry of a vehicle laden with explosives so that
its detonation will not cause severe damage. The barriers themselves are designed to
absorb large amounts of energy so the primary target does not have to absorb that energy.
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In some cases, the barrier may still be required to prevent vehicle entry even after
compromise from a blast. A barrier which stays intact after a close blast and minimizes
secondary fragmentation that can harm personnel and also damage structures is ideal.
Many types of barriers are designed to resist the impact of a vehicle (anti-ram)
and the effects of a blast. Among them are massive concrete barriers (Kontek 2008),
concrete enclosed with steel plates (Crawford and Lan 2006), and soil filled corrugated
metal (Crawford and Lan 2006). Pictures of a few representative barriers are shown in
Figure 2-1. Each barrier is designed to absorb the large amounts of energy from an
impact or blast with minimal effect on the facilities it is protecting.

(a)

(b)

(c)

Figure 2-1: Different types of blast barriers: (a) massive concrete (Kontek 2008), (b)
concrete enclosed in steel plates (Crawford and Lan 2006), (c) soil filled corrugated metal
(Crawford and Lan 2006).
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2.2 Blast Loads
Blast loads are varied in nature, but have similar fundamental characteristics. The
simplest characterization is a spherical air blast, which results in a pressure wave
propagating in all directions away from the center. The pressure wave has two distinct
phases (TM5-1300 1990):
(1) A positive pressure phase, which rises almost immediately but decays rapidly.
(2) A negative pressure phase, which is lower in magnitude but longer in duration.
Figure 2-2 shows a typical air blast pressure-time history. The maximum pressure
observed in free air, called the peak incident pressure, is lower than that pressure a
structure will experience. When a blast wave is reflected off a physical boundary, like a
building, it builds up as it is reflected. This is called the reflected pressure (TM5-855-1
1986).

Figure 2-2: Typical air blast pressure-time history (TM5-1300 1990)
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The United States Army Technical Manual 5-1300, Structures to Resist the
Effects of Accidental Explosions (1990), is a design guideline for blast resistant
construction. It places blasts into three categories based on their magnitude and duration:
(1) High pressures (>700 kPa or 100 psi) with short durations.
(2) Intermediate pressures (between 70 and 700 kPa or 10 and 100 psi) with medium
durations.
(3) Low pressures (<70 kPa or 10 psi) with long durations.
Under high pressures, a structure is not typically able to respond at the same rate as the
blast and responds to the total impulse (area under load vs. time curve) only. Under low
pressures where the load duration is long, the structure responds only to the peak
pressure. In the intermediate pressure range, the structure responds to both total impulse
and peak pressure (TM5-1300 1990).
Blast loadings are not always as straight forward as the air blast described above.
Many different factors play into the loading a structure could experience including:
(1) The charge size, shape, weight, and casing
(2) The stand-off distance and height of the blast
(3) The structure geometry and proximity to other structures or barriers
(4) The structure orientation with respect to the explosion and ground
The charge weight and stand-off distance of a blast have been shown to be proportional
to the peak pressure the structure will experience by the following relation:
P∝

W
R3

(2.1)
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where P is the peak pressure, W is the equivalent weight of TNT of the explosive, and R
is the stand-off distance (TM5-1300 1990). This relationship allows for development of a
scaled distance parameter, Z, to characterize the blast. Charge weight and standoff
distances with the same Z value are expected to have nearly the same peak pressure. Z is
equal to the stand-off distance divided by the cubed root of the charge weight, or
Z=

R
W 1/ 3

(2.2)

Though blasts with the same Z value will have nearly the same peak pressure, this does
not mean that the effect of the blast will be the same. Close blasts have a shorter duration
than farther blasts with the same scaled distance. This can cause a structural member to
respond differently.
A given blast can produce a different effect on a structure based on the structure’s
geometry and its proximity to pressure-reflecting barriers (Bangash and Bangash 2006).
The spherical propagation of a pressure wave from an explosion is often reflected by the
ground and other physical barriers. In these circumstances, the pressure wave can cause
additional loading on a structure. Also, the orientation of the explosion may cause the
pressure wave to hit the structure at an oblique angle resulting in multidirectional forces.

2.3 Blast Resistant Design (TM5-1300 1990)
In blast resistant design, several design codes and guidelines exist, but the most
commonly used in the United States is TM5-1300. This manual details how loads on a
structure and capacities of structural members can be established in blast design. To
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design reinforced concrete members, two values must be calculated: (1) the required
resistance (pressure) due to a design blast load and (2) the pressure the member can
withstand before failure. A simple outline of the design process for a one-way slab is
given in Sections 2.3.1 to 2.3.3. It was selected because the design process can become
very complicated for more complex structures.

2.3.1 Loads
Before ultimate loads on a structure are established, the design blast (charge
weight and standoff distance) must be decided, as well as the configuration of the charge
and member. For a simple free air burst, the scaled distance, Z (see Eq. 2.2), is calculated
and parameters such as peak incident and reflected pressure, incident and reflected
impulse, shock velocity, and time durations of the blast wave can be taken from a series
of empirical curves from the Army Technical Manual TM 5-855-1, Design and Analysis
of Hardened Structures to Conventional Weapons Effects (TM5-855-1 1986). These
values can also be established more precisely from ConWep, a computer program used to
model conventional weapons effects based on TM5-855-1. For small Z values, the
structure typically responds to reflected impulse only and the required ultimate resistance
is a function of the impulse and inertial effects based on an equivalent single degree of
freedom system. These take on the following relationship:
ru =

ib2
2mu X m

(2.3)
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where ru is the ultimate unit resistance, ib is the impulse, mu is the effective unit mass, and
Xm is the maximum deflection. The deflection term, Xm, is determined from the
configuration of the supports and the maximum support rotations dictated by the manual.

2.3.2 Flexural Capacity
In TM5-1300, flexural design is based on three types of cross sections
characterizing various levels of damage in the concrete. They are:
(1) Type I sections—the concrete cover over the reinforcement is intact and effective
in resisting moment.
(2) Type II sections—the concrete has spalled and is not capable of resisting moment,
but is capable of developing reinforcing bars. The moment is resisted by equal
tension and compression forces in reinforcing steel.
(3) Type III sections—the concrete cover has completely spalled and the moment
must be resisted by equal tension and compression reinforcement tied together
with special detailing.
These section types are categorized based on support rotations for all types of members, a
simplification made to easily assess the relative magnitude of deflections expected. Type
I sections usually exist in structures designed for explosions at large distances, where
scaled distance is high. This type of section is valid as long as the support rotations are
less than 2 degrees. Type II sections become valid at smaller scaled distances and are
valid when support rotations are between 2 and 5 degrees. Type III sections are required
when expected support rotations exceed 5 degrees.
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For a Type II cross section, the resistance capacity is based on a dynamic steel
design stress given by the following equation:
f ds = f dy +

( f du − f dy )
4

(2.4)

where fds is the dynamic design stress, fdy is the dynamic yield stress, and fdu is the
dynamic ultimate stress. These values are taken as the product of the expected yield
stress, fy, or ultimate stress, fu, (usually taken as 10% greater than the ASTM minimum
values) and a tabulated dynamic increase factor (DIF). TM5-1300 gives a DIF for close
blasts of 1.23 for the yield stress and 1.05 for the ultimate stress. After the dynamic
design stress, fds, is found, the ultimate moment capacity is calculated as follows for a
Type II cross section:
Mu =

As f ds d c
b

(2.5)

where As is the area of tension or compression reinforcement (typically equal) in the
width b, and dc is the distance between the centroids of the compression and tension
reinforcement. The ultimate resistance, ru, is then computed for the specific support and
loading configuration of the member. For a one-way, simply supported slab with a
distributed loading, ru is given as:
ru =

8M u
L2

(2.6)

where L is the length of the span. This must exceed the value of ru calculated in the
analysis of the blast load for the design to be suitable.
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2.3.3 Shear Capacity
Beams and slabs must also be designed to resist shear forces. The ultimate shear
force, Vu, which must be resisted, is a function of loading and support configurations.
For one-way, simply supported slab with uniformly distributed loading:
Vu =

ru L
2

(2.7)

where ru is the ultimate unit resistance and L is the span length. For a Type II section, the
average shear stress, vu, is given by:

vu =

Vu
bd c

(2.8)

where dc is the distance between the centroids of the tension and compression
reinforcement and b is the width of the section. A portion of the shear stress is carried by
the concrete and any remaining stress must be resisted by transverse reinforcement. The
shear capacity of concrete is given as:

vc = [1.9 f dc' + 2500 ρ ] ≤ 3.5 f dc'

(2.9)

where f’dc is the dynamic design stress of concrete (the product of the compressive
strength, f’c, and a dynamic increase factor) and ρ is the tensile reinforcement ratio at the
support, As/bdc. The remaining shear stress must be taken by a required area of
transverse steel, Av. The required area for transverse steel is given as:

Av =

(vu − vc )bs s s
φf ds

(2.10)
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where Av is the total area of transverse steel within a width bs and length ss and φ is a
capacity reduction factor equal to 0.85.
The design methodology for a one-way, simply supported slab has been given
above. For different support configurations and loadings as well as for two way
members, more detailed guidelines are given in TM5-1300.

2.4 Fiber Reinforced Concrete (FRC)

One type of material that has been reported to provide concrete better blast
properties is fiber reinforced concrete, or FRC (Banthia et al. 2004). FRCs belong to a
more general class of materials called fiber reinforced cementitious composites, or
FRCCs, in which fibers such as steel, glass, and synthetic polymers such as carbon,
polypropylene, and nylon are added to a cement based matrix. Some FRCCs do not
contain course aggregate and therefore cannot be considered concrete. Fibers in a cement
matrix were shown to improve properties such as tensile strength, ductility, stiffness,
crack resistance, durability, fatigue life, impact and abrasion resistance, and shrinkage in
various types of specimens (ACI 544 1996). Typical properties of different types of
fibers are given in Table 2-1.
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Table 2-1: Typical properties of fibers (Bentur and Mindess 2007)

A sample load-displacement curve is shown in Figure 2-3 for several fiber
reinforced matrices and an unreinforced matrix, such as plain concrete. In tension, a fiber
reinforced brittle matrix will retain strength after cracking, either strain hardening or
softening, while an unreinforced matrix will fail without post-cracking ductility.
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Figure 2-3: Typical load vs. deflection curves of fiber reinforced matrices compared to
unreinforced brittle matrix (ACI 544 1996)

Although a working design standard for steel fiber reinforced concrete (SFRC)
structural members has been developed (ACI 544 1988), a standard for fiber reinforced
concrete (FRC) is still absent from the ACI 318 Building Code (2005). Further research
is required to understand how fibers can work in conjunction with traditional
reinforcement in structural members to achieve a desired level of performance under
loading (ACI 544 1996).
A large amount of research has been carried out on FRC under impact loads. Low
and high velocity impacts are often used to assess the suitability of a material for blast
since they demand fewer resources and are easier to instrument than blast tests. Marar et
al. (2001) utilized a drop weight hammer to test the impact resistance of steel FRC and
high strength concrete (HSC). The impact energy, or area under a force versus deflection
curve, at failure of steel FRC cylinders was as much as 74 times that of HSC cylinders.
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A general trend of increasing impact energy at failure was found for increasing fiber
concentration and fiber aspect ratio, l/r (where l is the fiber length and r is the fiber
radius). Bindiganavile and Banthia (2001) showed the flexural strength of FRC beams
was greater with steel fibers than for several polymer fibers added in the same proportion.
Though all beams exhibited an increase in flexural strength under impact compared to
quasistatic loading, only the polymer fibers increased the fracture toughness of the
beams. The steel FRC beams showed a decrease in fracture toughness at higher loading
rates. Polymer fibers were therefore considered to be more comparable with steel fibers
at high strain rates.
High-velocity projectile tests of fiber reinforced concrete have shown significant
property enhancements for FRC. Luo et al. (2000) impacted steel FRC and high strength
concrete (HSC) blocks with 0.9 kg (2 lb) projectiles traveling at over 300 m/s (985 ft/s) at
an oblique trajectory. The HSC concrete exhibited a brittle failure with much
fragmentation, but the FRC blocks remained intact with the projectile either embedding
itself in the block or rebounding away. Similarly, Maleej et al. (2005) observed similar
results with a smaller projectile (15g or 0.53 oz.). Rectangular specimens 75 mm (3”) in
thickness with steel and polyethylene fibers had increased shatter resistance and reduced
scabbing and spalling compared to traditional concrete. Also, the fiber reinforced
specimens had better energy absorption since the fibers caused multiple microcracks to
form instead of a few large, localized cracks. The authors concluded that fiber reinforced
concrete would be a viable alternative in protective structures since the same performance
could be achieved with less thickness.
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Most of the research carried out on fiber reinforced concrete under blast loads has
been completed using steel fibers in short lengths, typically less than 25 mm (1”).
Longer fiber lengths have historically caused problems with fiber dispersion. Lan et al.
(2005) conducted blast tests on a variety of concrete composite panels, including steel
FRC panels. Panels with three fiber lengths (18 mm, 30 mm, and 60 mm) and
concentrations (0.5%, 1.0%, and 1.5%) and a plain concrete panel were subjected to
various weights of TNT explosions at a distance of 5 m (16’-4”). The plain concrete
panel exhibited a large amount material loss due to spalling, while the steel FRC
specimens prevented spalling. Longer fiber length was shown to improve the cracking
and deflection performance of the panels.
Unclassified blast tests were conducted by the US Army Corps of Engineers of
4.57 m wide by 1.66 m tall (15 ft. × 5.43 ft.) concrete wall panels of varying thicknesses
and bar spacings with varying charge weights, charge casings, as standoff distances
(McVay 1988). In one part of the study, a steel FRC mix similar to the control 28 MPa
(4000 psi) concrete mix was tested in three wall specimens with varying charge weights
and standoff distances. Using the damage classifications from Table 2-2, the extent of
spall damage was evaluated. It was found that in blasts with some standoff distance
between the wall and the charge, the steel FRC walls exhibited very little spalling while
the control specimens experienced severe spalling. When a contact charge was detonated
on the wall, the spall depth was the same for both steel FRC and control specimens.
However, the spall area and spall velocity of the steel FRC specimens were significantly
lower than those of the traditional concrete specimens
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Table 2-2: Spall damage classifications (McVay 1988)

Since fiber lengths greater than around 25 mm (1”) have been difficult to
implement into FRC mixes, little research has been completed on such fibers (ACI 544
1996). In recent years, however, some work has been completed on concrete with 75 mm
(3”) long carbon and nylon fibers. These fibers can be incorporated into a mix without
balling because they are bunched together and specially coated to give them enough
initial rigidity to disperse evenly. This coating dissolves away from the fibers once the
concrete is cast and the cement matrix is able to coat each individual fiber. Carbon fiber
reinforced concrete (CFRC) has been studied extensively by Musselman (2007) in small
scale lab experiments and larger scale blast tests. Nylon fiber reinforced concrete
(NFRC) has also been tested since the fibers can be acquired at a lower cost than carbon
fibers. Though the mix design is the same and both fibers are coated, the nylon fibers are

21
bundled together like twine and the carbon fibers come in a tape. Pictures of the two
types of fibers and a fiber reinforced concrete beam are shown in Figure 2-4.

(a)

(b)

(c)
Figure 2-4: 75 mm (3”) (a) carbon fibers and (b) nylon fibers and (c) carbon fiber
reinforced concrete beam.

2.4.1 Lab Testing of CFRC

Numerous tests have been conducted at Penn State University related to material
development of carbon fiber reinforced concrete (CFRC) (Musselman 2007). Most of
these tests were small scale material tests including uniaxial compression and tension as
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well as bending. Another group of tests included slab strips under quasistatic three-point
bending. In addition to these, blast tests were performed on two-way slab specimens.
Small scale material tests included a fiber reinforced mix (fiber), the same mix
with the fibers omitted (fiber control), and a standard Pennsylvania Department of
Transportation (PennDOT) control mix with the same target strength (control). Though
the results showed little difference in compressive strength, a significant increase in
ultimate load for bending and direct tension specimens was observed for the fiber
reinforced specimens. Figure 2-5 shows the tensile strength found using three types of
tests: split cylinder, modulus of rupture (MOR) or bending, and direct tension. The fiber
reinforced specimens exhibited an increase in tensile strength for each of the three tests
over both control mixes. This strength increase was more pronounced in the modulus of
rupture and split cylinder tests.

12.00

Tensile Capacity (MPa)

10.00
8.00

9.53
Split Cylinder
MOR
Direct Tension

7.48

6.00
4.76
4.00

3.50

3.83

4.73
3.43
2.65

2.00
0.00
Control

Fiber Control

Fiber

Figure 2-5: Tensile capacity of Pennsylvania Department of Transportation AAA mix
(control), a carbon FRC mix with the fibers omitted (fiber control), and a carbon FRC
mix (fiber), found with three types of tests: split cylinder, modulus of rupture (MOR) and
direct tension (Musselman 2007), 1 MPa = 145 psi
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Uniaxial compression test data is shown in Figure 2-6 for CFRC and a control
concrete. Little difference in compressive behavior is observed between the two mixes.
However tensile test data from dog bone specimens, shown in Figure 2-7, shows an
increase in strength and ductility in CFRC when compared to the control. Though
displacement measurements were taken over a defined length, characterizing strain over
this length would be incorrect since a crack formed at only one location. Thus the data
from the test is given as stress versus displacement. The area under this stressdisplacement diagram is equivalent to the fracture energy, Gf.
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Figure 2-6: Uniaxial compressive stress-strain curves of CFRC and control concrete
(Musselman 2007).
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Figure 2-7: Uniaxial tension test data of CFRC and control concrete (Musselman 2007).
A total of six slab strip specimens were loaded in quasistatic three-point bending
measure the behavior of FRC in flexure. The slab strips, 100 × 315 × 2900 mm (4” ×
12.5” × 9.5’), included two plain concrete, two 1.5% by volume long carbon fiber
reinforced concrete, and two with a combination of 1.5% long carbon fibers and wire
mesh (Musselman 2007). The average compressive strength, modulus of rupture, and
flexural toughness (area under load-displacement curve) are given in Table 2-3. A load
versus deflection plot was attained for each of the six tests, which is shown in Figure 28. The fiber reinforced concrete exhibited a 250% average increase in flexural strength
over plain concrete, which is explained by the crack-bridging the fibers are known to
exhibit. The fiber reinforced slab strips also exhibited an average of 10 times the flexural
toughness of the plain concrete strips. It was speculated that energy dissipated in fiber
pullout is the likely cause for such dramatic increases in toughness.
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Table 2-3: Results of slab strip testing (after Musselman 2007)

Average Plain
Average Fiber
Average Fiber + Mesh

Flexural
Strength
MPa (psi)
5.2 (750)
13.1 (1904)
14.6 (2116)

Toughness
J (lb-in)

21.0 (186)
207.2 (1834)
304.1 (2691)

Figure 2-8: Force vs. displacement curve for slab strips (Musselman 2007)

2.4.2 Blast Testing of CFRC

Blast tests were performed on 1830 × 1830 × 165 mm (6’ × 6’ × 6.5”), two-way
slabs designed under TM5-1300 guidelines for a blast of 23 kg (50 lb) TNT at a range of
1.83 m (6’). The tests were completed to assess the blast performance of CFRC against
that of traditional concrete (Musselman 2007). This gave a scaled distance of 0.65
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m/kg1/3 (1.63 ft/ lb1/3), and resulted in the design given in Figure 2-9. Single leg stirrups
at every other bar intersection were required to provide enough shear capacity for the
section.

Figure 2-9: Cross section of blast panels (Musselman 2007)
Panels of reinforced concrete and carbon fiber reinforced concrete (CFRC) were
tested under several charge weights and distances. Results of the blast tests showed
improved performance by the fiber reinforced concrete compared to the fiberless panels.
Scabbing (loss of material from the back face) did occur in the fiber reinforced panels, as
shown in Figure 2-11, though not to the extent it occurred in the fiberless panel, shown in
Figure 2-10. The scabbing observed on the bottom of the 1.5% fiber volume panels is
believed to be due to the small clear cover of the bars and could be mitigated by a larger
clear cover (Musselman 2007). Overall, a superior performance was exhibited by the
CFRC panels when compared to the fiberless panels.
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(a)

(b)
Figure 2-10: Traditional reinforced concrete slab after 34 kg (75 lb) TNT at 975 mm
(3.2’), (a) bottom view, (b) side view (Musselman 2007)

(a)

(b)
Figure 2-11: Fiber reinforced concrete slab after 34 kg (75 lb) TNT at 975 mm (3.2’), (a)
bottom view, (b) side view (Musselman 2007)

28
2.5 High Performance Fiber Reinforced Cementitious Composite (HPFRCC)

Some fiber reinforced cementitious composites (FRCCs) are able to achieve
enhanced mechanical properties such that they belong to a subcategory called high
performance fiber reinforced cementitious composites, or HPFRCCs. An HPFRCC is
one which will exhibit tensile strain hardening after cracking (Naaman and Reinhardt
2005). Figure 2-12 shows how an FRCC can be classified as an HPFRCC. When tensile
strain hardening occurs after cracking, the cracks tend to become distributed and will lead
to deflection hardening of bending specimens. This not only gives members added
strength, but greatly increases their toughness.

Figure 2-12: Classification system of FRC composites (Naaman and Reinhardt 2005)
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Some researchers have found that a blend of high modulus fibers, such as carbon
and steel, and low modulus fibers, such as polyethylene and nylon, will result in added
strength and ultimate strain (Maalej et al. 2005). The high modulus fibers give the matrix
greater tensile strength, but tend to pull out of the matrix rather than yield. Lower
modulus fibers, which tend to yield at lower stresses (see Table 2-1), will theoretically
yield and fracture before they pull out, giving more energy absorbing capability at each
crack and increasing overall ductility of the member.
One type of HPFRCC was created using a blend of steel and polypropylene fibers
of various lengths for a total fiber volume of 5%. These consisted of fibers with small
length to diameter ratios (macro) and larger length to diameter ratios (micro). Pictures of
the fibers used are given in Figure 2-13 . This mix design was created as a potential
material for blast resistant applications. Laboratory tests conducted at the University of
British Columbia showed that beams tested according to ASTM C1609 exhibited
deflection hardening after cracking followed by softening (Banthia 2007). This was an
indication that the material would likely strain harden in uniaxial tension and thus be
considered an HPFRCC. Figure 2-14 is a plot of load versus midspan deflection of the
100 × 100 × 350 mm beams under four point bending.
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Round Macro Polypropylene

Flat Macro Polypropylene

Macro Steel

Micro Polypropylene

Figure 2-13: Polypropylene and steel fibers used in high performance fiber reinforced
cementitious composite (Propex 2007).
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Figure 2-14: Steel and Synthetic HPFRCC beam load vs. deflection plot for four point
bending (Banthia 2007).
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2.6 Polyurea Coatings

Blast resistance can also be improved in cementitious composites through the
application of elastomeric polymers such as polyurea (Davidson et al. 2005). Besides
blast resistance, polyurea is commonly used for waterproofing and corrosion protection
(Godinich 2000). It is also used to seal expansion joints and to repair cracks in industrial
floors, due to its resistance to many chemicals (McGovern 1996). Polyurea is formed by
the polymerization of diisocyanate and diamine in a 1:1 ratio which are linked with a
carbon-nitrogen bond. Polyureas can be aromatic or aliphatic, depending on the chemical
composition of the monomer (Hattori et al. 1996). The formation of aromatic and
aliphatic polyurea is shown in Figure 2-15.

(a)

(b)
Figure 2-15: Formation of different polyureas: (a) aromatic and (b) aliphatic (Hattori et
al. 1996).
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Some of the advantages of polyurea over other elastomers are that it has a fast
reaction rate, insensitivity to water, no volatile organic compound (VOC) emissions when
applied, and good impact and abrasion resistance (Thurau 2007). Its fast cure time,
however, has led to some challenges for application. The spray equipment needed to mix
the additives at a 1:1 ratio is often costly and unreliable. Also, fast set times will often
lead to poor surface quality and adhesion. This has been overcome in recent years with
the application of toluene diisocyanate (TDI) prepolymers which retard the reaction and
are safe to use in both cast and sprayed applications (Thurau 2007).
Polyurea’s adhesion to concrete is good, but can be improved by the
preapplication of primers such as epoxy, acrylic, or isocyanate solutions (Perez and Shen
2000). It has similar performance on other substrates such as wood and steel. In bond
tests of unprimed polyurea coated concrete, the surface of the concrete was shown to fail
before the interface debonded.
In laboratory tests of dog bone shaped polyurea coupons, two different polyurea
mixtures showed substantial strain hardening and post yield ductility (Viswanath 2007).
One mix, denoted C1, reached a much higher strength than the other mix, C2, showing
that different formulations of polyurea can have drastically different mechanical
properties. Figure 2-16 shows a tensile load versus elongation plot of polyureas C1 and
C2 and their tensile properties are listed in Table 2-4.
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Figure 2-16: Tensile load vs. elongation of two types of polyurea coupons (Viswanath
2007), 1 lb = .454 kg, 1 in = 25.4 mm.

Table 2-4: Summary of polyurea tensile testing (Viswanath 2007)
Tensile
Strain
Strength
Average
(%)
(psi)
C1-1
3398
434
C1-2
2161
401
2554
C1-3
2391
409
C1-4
2263
406
C2-1
831
430
912
C2-2
908
434
C2-3
999
499
1 psi = 0.00690 MPa, 1 Kip-in = 113.0 N-m
Specimen
#

Average

412

454

Energy
Absorbed
(Kip-in)
0.243
0.204
0.233
0.216
0.124
0.145
0.166

Average

0.222

0.145

Impact tests of concrete beams with polyurea coatings C1 and C2 revealed that
impact toughness was improved substantially over uncoated concrete. The tests were
conducted on 89 × 152 × 610 mm (3.5” × 6” × 24”) concrete strips with a 6 mm (1/4”)
layer of polyurea on the tensile face. The same two polyureas from the tensile tests (C1
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and C2) were used on the impact tests. Using a drop weight of 9.1 kg (20 lbs), the strips
were impacted repeatedly starting with a drop height of 175 mm (7”) and increasing in 75
mm (3”) increments. All specimens cracked at the same drop height of 430 mm (17”),
which led to failure in the control specimen. The polyurea coated specimens were able to
absorb the repeated impacts such that specimens with 6 mm (1/4”) thickness of polyureas
C1 and C2 failed at cumulative drop heights of 114 cm (45”) and 97 cm (38”),
respectively. The failure mode was cracking of the concrete with no fracture or
delamination of polyurea (Viswanath 2007).
Polyurea coatings on concrete and masonry have also been tested under blast
loads. Davidson et al. (2004) reported on tests of unreinforced masonry walls under blast
loading with 6 mm (1/4”) sprayed polyurea coating on the back face. In some tests, the
polyurea coated walls stayed intact while the control walls collapsed under the air blast
pressures. This work and later publications (Davidson et al. 2005) proved polyurea to be
a suitable blast resistant retrofit technique for masonry walls. In other research, one
concrete panel with a 12 mm (1/2”) coating of polyurea on the front face was tested with
a TNT blast of 34 kg (75 lbs) at a distance of 0.98 m (3.2 ft) to test whether the coating
would delaminate. Post test inspection showed that the coating had delaminated over
approximately one fourth of the surface. Spalling on the front face was reduced
compared to the control specimen, but scabbing on the tensile face was roughly
equivalent to the control panels (Viswanath 2007).
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2.7 Fiber Reinforced Concrete Modeling

When analytical models for fiber reinforced concrete are created, two main
approaches are usually taken:
(1) The micromechanical approach, where mechanical material properties are derived
from the mechanical properties and interactions of constituents (Bentur and
Mindess 2007, Siah et al. 1992).
(2) The phenomenological approach, where mechanical material properties from
experimental results form the basis to predict macro-mechanical properties of the
same material in different configurations (Boulfiza et al. 2000).
An overview of the two approaches follows.

2.7.1 Micromechanical Approach

The micromechanical approach to modeling FRC is carried out on the fiber level
focusing on behavior of a fiber in tension. The tensile behavior of an individual fiber in a
matrix is broken down into two stages: the elastic or precracked stage and the debonded
or pullout stage after cracking. The elastic stage takes place before the matrix has
reached its tensile capacity and cracked. The shear stress in the matrix surrounding the
fiber and the normal stress in the fiber during the elastic stage is graphically shown in
Figure 2-17(a). Shear stresses on the interface increase until they reach a value τau, called
the adhesional shear bond strength. In some cases, the interface shear stresses will
exceed τau before the surrounding matrix reaches its rupture strength. In those cases,
often when fibers are short, of small diameter, or have smooth surface conditions,
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debonding will occur in the elastic stage. Otherwise, if the matrix reaches its rupture
strength before τau is reached, tensile stress will be transferred to the fibers and interface
shear will develop at the surfaces of the crack as shown in Figure 2-17(b). As tensile
stress in the fiber increases, the adhesional shear bond strength, τau, will be reached and
the fiber will begin to slip. The debonded portion of the fiber will carry a frictional shear
stress, τfu, on its interface as shown in Figure 2-17(c). Fiber pullout in this stage is the
chief reason FRC exhibits increases in ductility and toughness. If the frictional force
exceeds the force required to yield the fiber, pullout will not occur and the fiber will yield
in tension (Bentur and Mindess 2007).

38

Figure 2-17: Graphical representation of a fiber embedded in a cement matrix during
different stages of loading: (a) Elastic, precracked stage, (b) Cracked stage, prior to
debonding, (c) Cracked stage, after debonding has initiated (after Bentur and Mindess
2007).
This failure mechanism allows for pull-out curves of fibers to be developed.
Three parameters, related to fiber geometry and fiber-matrix interaction, are important
when constructing a pullout curve for a fiber encased in a matrix. They are:
(1) The length of fiber embedded in the matrix, l.
(2) The adhesional shear bond strength, τau.
(3) The frictional shear bond strength, τfu.
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If the ratio of frictional bond strength to adhesional bond strength, τau/τfu, is greater than
1, the fiber will reach its debonding capacity gradually along its length without sudden
failure. The frictional force between the fiber and matrix will decrease as more of the
fiber pulls out, culminating with the entire fiber pulling out. This is shown in Figure 218(a). When the τau/τfu ratio is between 0 and 1, the interface will gradually debond after
τau is reached and more load will be carried by the combination of bond and frictional

shear forces. The load will start to decrease when the bond at the end of the fiber starts to
slip: or, if the length of the fiber is not great enough to cause enough frictional forces to
develop and resist the loss of bond, the load will drop to zero. This process is illustrated
in Figure 2-18(b). Finally, if the τau/τfu ratio is 0, no frictional forces develop and sudden
failure occurs as shown in Figure 2-18(c) (Bentur and Mindess 2007).

Figure 2-18: Fiber pull-out curves for different ratios of τau to τfu : (a) τfu/τau ≥ 1, (b)
0<τfu/τau<1, and (c) τfu/τau=0 (Bentur and Mindess 2007).
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When extrapolating micromechanical models to macroscopic specimens,
researchers have proposed several simplifying assumptions. The first states that in a
randomly oriented mix of fibers and matrix material there will be a uniform distribution
of fibers. This can be modeled with fiber centroids in a uniform 3-dimensional grid
pattern based on the fiber volume fraction of the mix. The second states that fibers can
be oriented in any direction so the angles the fibers make with two orthogonal axes is also
a uniform distribution (Siah et al. 1992). To account for the orientation of fibers in stress
and modulus calculations, an equivalent volume fraction of oriented fibers is calculated
(Hannant 1978). A successful implementation of the micromechanical approach was
demonstrated by Siah et al. (1992). A model developed using pullout curves and mixture
theory was able to predict responses of centrally cracked FRCC tension specimens to an
average deviation of 5.4 percent.

2.7.2 Phenomenological Approach (Lemaitre and Chaboche 1990)

Fiber reinforced cementitious composites can also be modeled using
phenomenological approaches. These take into consideration only the material’s
macroscopic mechanical properties and not fiber level mechanisms. To account for
irreversible cracking in concrete, damage mechanics has been applied to many concrete
material models. Damage mechanics was first proposed by in the late 1950’s and was
expanded in the 1970’s, mainly by European and Japanese researchers. It relies on a
damage parameter, D, which varies from 0 to 1 for each axis. A physical interpretation
of the damage parameter can be made by considering a uniaxial tensile specimen with
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total cross sectional area, S, normal to loading. As the material in S is damaged by any of
a number of mechanisms, a certain portion of the area, SD, will undergo damage and be
ineffective in carrying stress. D is the ratio of damaged area to total area or:

(2.11)

D = SD S

If the normal stress on the undamaged section under load F is given by σ = F S , the
effective stress, σ~ , can be taken as:
~

σ~ = σ S S

or

σ~ = σ /(1 − D )

(2.12)

~
where S is the effective undamaged area taken as S (1 − D) . One can clearly see σ~ is
greater than σ at all times, σ~ is equal to σ for the undamaged material, and σ~
approaches infinity at the moment of failure. The strain associated with the damaged
condition can be calculated for the uniaxial case by:

εe =

σ~
E

=

σ
(1 − D) E

(2.13)

where E is the initial Young’s modulus of the material. For a multiaxial case, the secondorder stress tensor is related to the strain tensor by:

σ~ = H ( D) : ε e

(2.14)

where H(D) is the fourth-order elastic rigidity tensor modified by the damage variable, D.
For the virgin material, the initial elastic rigidity is that where D is equal to zero and
H o = H ( D = 0) .
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For thermodynamic formulation of the damage parameters, the thermodynamic
potential, Ψ, is a function of the strain, εe; the temperature, T; the damage variable, D; and
a set of eventual internal variables other than D, called Vk; or:
Ψ = Ψ (ε e , T , D, Vk )

(2.15)

The elasticity effects can be decoupled into elastic and plastic components so the elastic
portion of Ψ does not depend on Vk. Ψ therefore takes the following form:
Ψ = Ψe (ε e , T , D) + Ψ p (T ,Vk )

(2.16)

The thermoelastic potential, Ψe, is considered to be damageable and linearly dependent
on D in the following relation:

ρΨe = 12 (1 − D ) H : (ε e − α∆T ) : (ε e − α∆T ) + C∆T 2

(2.17)

where α∆T is the thermal expansion. Taking the partial of the thermoelastic potential
with respect to the strain allows for the thermoelastic law of the damaged material to be
established:

σ =ρ

∂Ψe
~
= (1 − D ) H : (ε e − α∆T ) = H : (ε e − α∆T )
e
∂ε

(2.18)

or

σ~ =

σ
1− D

= H : (ε e − α∆T )

(2.19)

The partial with respect to the damage variable yields:
− Y = −ρ

∂Ψe
= − 12 H : (ε e − α∆T ) : (ε e − α∆T )
∂D

(2.20)
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where –Y is called the elastic energy release rate. It can be shown by means of the
variation of elastic energy under incremental damage at constant stress and temperature
that:
−Y =

1 ∂We
2 ∂D

(2.21)
σ ,T

where dWe is the incremental elastic energy.
By observance of the second law of thermodynamics one can arrive at the
Clausius-Duhem inequality:
− YD& ≥ 0 and D& ≥ 0

(2.22)

where the rate of damage, D& = dD dt , must be greater than or equal to zero. This means
damage can only increase or remain constant. The process is therefore irreversible.
In concrete, microcracks play a very important role. The local intensity of these is
modeled with an equivalent strain ε~ :

ε~ =

∑

εi

2

+

ε i = principal strain

i

εi

+

εi

+

= εi

if ε i ≥ 0

=0

if ε i < 0

(2.23)

Since the behavior of concrete in tension versus compression is fundamentally different,
the damage is then separated into tensile and compressive components, Dt and Dc, for
which:
D = α t Dt + α c Dc

(2.24)
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in the general multiaxial case. Mazars (1986) has shown α t and α c can be derived as the
following expressions:

ε ti (ε ti + ε ci )
ε~ 2
i
ε (ε + ε )
α c = ∑ H i ci ~ti 2 ci
ε
i
αt = ∑ Hi

(2.25)

where
ε i = ε ti + ε ci
(principal strain)
H i = 1 if ε i ≥ 0 and H i = 0 if ε i < 0

From experimental curve fitting, Mazars proposes the following damage variable
evolution laws:

ε D (1 − At )
Dt (ε~) = 1 − 0 ~
−
ε

At
exp[ Bt (ε~ − ε D0 )]

ε D (1 − Ac )
Ac
Dc (ε~) = 1 − 0 ~
−
ε
exp[ Bc (ε~ − ε D0 )]

(2.26)

where At, Bt, Ac, and Bc are characteristic of the material and ε D0 is the initial damage
threshold strain. Ac and Bc can be obtained from uniaxial compression tests while At and
Bt can come from flexure tests (due to the high variability of direct tensile testing).
Eq. 2.25 and Eq. 2.26 allows for a complete constitutive model to be developed.

2.7.3 LS-DYNA Material Models

LS-DYNA is a Lagrangian finite element code with explicit time step integration,
commonly used for crash test and other dynamic simulations. Though modeling concrete
is a complicated task, several concrete material models have been incorporated into LS-
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DYNA (LSTC 2007). These models are typically characterized by a decoupling of
hydrostatic and deviatoric stress components, where the failure surface is a function of
the hydrostatic stress verses volumetric strain behavior. This allows the confinement
effect on concrete to be captured (LSTC 2007). Magallanes (2008) evaluated several LSDYNA concrete material models with autogenerated parameters with triaxial test data
and blast test data. It was found that the materials which did not include an equation of
state for triaxial stress states did not accurately predict the response of flexural members
under blast. Materials 72 and 159, which are discussed below, were shown to closely
match experimental results from triaxial lab tests and blast tests.
Malvar et al. (1997) developed Material 72 (keyword *MAT_CONCRETE
_DAMAGE) as an update to Material 16 (*MAT_PSEUDO_TENSOR). It is a three
invariant model, where hydrostatic and deviatoric components have different effects on
material behavior. Material 72 also has three shear failure surfaces to represent yield,
maximum, and residual strengths, shown in Figure 2-19. Damage is incorporated in a
somewhat different formulation than what is discussed in Section 2.3.2. When the
principal stress difference, ∆σ, reaches the yield failure surface, a function is invoked so
the stress increases up to the maximum failure surface, ∆σm, and then decreases to a
residual failure surface, ∆σr, or
∆σ = η∆σ m + (1 − η )∆σ r

(2.27)

where η is a user-defined function of modified effective plastic strain, λ. The function
η(λ) is intended to initially increase up to unity and then decrease in a softening curve to

zero as damage is accumulated. Plastic strain is found using the radial return algorithm
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and modified uniquely in compression and tension to model the two behaviors. Strain
rate effects are incorporated by a radial rate enhancement factor, taken from a userdefined curve, including tensile and compressive dynamic increase factors.
Release 3 is the most recent version of Material 72. It was developed by
Karagozian and Case and includes an auto-generation option where default card
parameters can be generated by inputting only the 28-day compressive strength, f’c
(LSTC 2007). This generates an equation of state (EOS) for the pressure-volumetric
strain behavior and all the parameters for the failure surfaces. The user then has the
option of altering these parameters based on the information that is available on the
specific concrete to be modeled.

Figure 2-19: Three failure surfaces of concrete damage material model 72
Another recent addition to the LS-DYNA material model library is Material 159
(keyword *MAT_CSCM). It was developed for the Federal Highway Administration for
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modeling impact in concrete members (Murray 2007b). It is named Continuous Surface
Cap Model (CSCM) for the shape of its failure surfaces, shown in Figure 2-20. Material
159 also uses a three invariant yield surface and a return algorithm for plasticity. Its
adequacy in modeling impact for transportation applications has been validated by
numerous experimental tests (Murray 2007a). The damage formulation for Material 159
is the same as discussed in Section 2.3.2, although Eq. 2.26 has been replaced by a
different curve fit given by

1
1+ B
D(ε~) = 
− 1
~
B 1 + B exp[− A(ε − ε D0 )] 

(2.28)

where all the parameters are the same as before and A and B can be unique in tension
(brittle damage) and compression (ductile damage). However, A and B are unique for an
element size, thus the softening is mesh size dependent. To eliminate this dependancy,
the user instead specifies the fracture energy, Gf, for tension and compression, and the
parameter B from Eq. 2.28. The parameter A from Eq. 2.28 is then generated to create a
damage function that will result in a fracture energy of Gf for the specified element size.
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Figure 2-20: General shape of Material 159 yield surface in two dimensions (Murray
2007b)
Rate effects are also modeled in Material 159 using a viscoplastic formulation and
a rate enhancement of fracture energy. The viscoplastic stress is calculated as an
interpolation between the elastic trial stress, σT, and the inviscid stress, σP, (without rate
effects). The formulation depends on a parameter η, called the fluidity coefficient.
Material 159 takes the fluidity coefficient to be

η=

ηo
ε& n

(2.29)

where ε& is the strain rate, and ηo and n are two input parameters fit to experimental data.
The viscoplastic stress is then updated with Eq. 2.30.

σ vp = (1 − γ )σ T + γσ P ; γ =

∆t /η
1 + ∆t / η

(2.30)

The fracture energy, Gf, can also be enhanced by strain rate effects in Material
159. Eq. 2.31 gives the update of Gf.
G

rate
f


Eε&η 

= G f 1 +
f ' 


repow

(2.31)
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In this equation, f’ is the yield strength before rate effects and repow is an input to fit to
experimental data (Default = 1). This value can be altered to adjust the dependency of
fracture energy on strain rate.
Spalling of concrete can be modeled in LS-DYNA using an erosion algorithm.
Erosion causes elements to be deleted when they reach a certain threshold. Though some
material models have built-in erosion algorithms, any material can be given erosion
parameters by invoking a keyword (*MAT_ADD_EROSION) (LSTC 2007).
Compressive and tensile strains are two common threshold values to initiate erosion.
Some material models allow erosion to take place when the damage variable reaches a
number very close to 1, indicating the element is almost completely damaged. Xu and Lu
(2006) used a concrete material model and erosion algorithm in LS-DYNA to model
reinforced concrete plates under blasts. The erosion algorithm was utilized to determine
the onset of cracking and threshold spalling. Models showed favorable agreement with
experimental spall tests conducted by McVay (1988).

2.7.4 Strain Rate Effect

High strain rates resulting from these types of loads typically result in an increase
in material resistance to imposed stresses. The dynamic compression behavior of
concrete has been documented extensively by Bischoff and Perry (1991). The relative
increase in compressive stress of 29 published tests are plotted versus the strain rate and
compared to the Comité Euro-International du Béton (CEB) Model Code Equation in
Figure 2-21. The CEB equation is given in Eq. 2.32.
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 ε& 
σ
DIF = d =  d 
σ s  ε& s 

1.026α

for ε&d ≤ 30 s-1
(2.32)

DIF =

σd
1/ 3
= γ (ε&d )
for ε&d > 30 s-1
σs

where ε&d is the dynamic strain rate, ε& s =30 × 10-6 s-1, α = (5 + 3f’c/4)-1 (MPa), and logγ =
6.156α – 0.492 (CEB 1993).

Figure 2-21: Strain rate effect on relative increase in compressive strength of concrete
(Bischoff and Perry 1991).
The strain rate effect on concrete in tension is more pronounced than it is in
compression. Malvar and Ross (1998) reviewed a variety of dynamic tensile test data
and compared it to the CEB equation for tension. Finding a lack of correlation between
the test data and the CEB model, they proposed a modified CEB curve given in Eq. 2.33:
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 ε& 
σ
DIF = d =  d 
σ s  ε& s 

δ

for ε&d ≤ 1 s-1
(2.33)

DIF =

σd
1/ 3
= β (ε&d )
for ε&d > 1 s-1
σs

where ε& s =10-6 s-1, δ = (1 + 4f’c/5)-1 (MPa), and logβ = 6δ – 2. Eq. 2.33 is plotted against
experimental data in Figure 2-22.

Figure 2-22: Strain rate effect on relative increase in tensile strength of concrete (Malvar
and Ross 1998)
The strain rate effect on reinforcing steel also affects the dynamic response of
reinforced concrete and FRCC members. Malvar (1998) fitted a curve to data from seven
different publications for the dynamic increase factor of yield strength and ultimate
strength for reinforcing steel resulting in:
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σ
 ε&

DIF = d =  − 4d −1 
σ s  10 s 

α

(2.34)

where α = αfy = 0.074 – 0.04fy/414 (MPa) for yield stress and α = αfu = 0.019 –
0.009fy/414 (MPa) for ultimate stress. fy is the actual yield strength of the steel and its
denominator, 414, changes to 60 when fy is in psi.

2.8 Polyurea Modeling

Recent experimental testing of polyurea shows that it behaves like an elastomer
with a strong dependence on temperature, pressure, and strain rate (Amirkhizi et al.
2006). Using data from confined and unconfined split Hopkinson pressure bar (SHPB)
tests at different temperatures, a complete constitutive model was created for use as a
user defined material subroutine for LS-DYNA. The model predictions for both SHPB
tests and pressure-shear tests showed good agreement with experimental results.
Strain rate sensitivity of polyurea was studied by Roland et al. (2007) for strain
rates of 0.15 s-1 to 573 s-1 (tension) and 1 s-1 to 10,400 s-1 (compression). The tensile
specimens were tested with a drop weight configuration on an Instron testing machine.
Compression specimens were tested with a split Hopkinson pressure bar. Results are
plotted in Figure 2-23.
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Figure 2-23: True stress versus true strain data for polyurea from drop weight tensile tests
and compressive split Hopkinson pressure bar tests (Roland et al. 2007).
Modeling of polyurea using equations-of-state (EOSs) to account for hydrostatic
pressure effects may not always be necessary. Though many applications of polyurea
require precise analytical modeling, blast response of polyurea coated concrete is unlikely
to be one of them. When one considers the uncertainty with pressures, temperatures,
material response, bond strength, and coating thickness it is probable that a viscoelastic
material model including temperature and pressure effects, such as was presented by
Amirkhizi et al. (2006), will only marginally improve accuracy of a polyurea coated
concrete blast model.
The previous sections have outlined the topics applicable to this research,
including blast design, material information, and analytical modeling. The following
chapter will present the methods used for blast testing and analytical modeling to
accomplish the objectives of this study.

Chapter 3
Blast Test Procedure

Full scale blast testing of traditional concrete, polyurea coated concrete, NFRC,
CFRC, and HPFRCC barriers took place at the Air Force Research Lab (AFRL) test
range at Tyndall Air Force Base, Florida. The following sections describe the procedure
used to fabricate and test the barriers under blast loads.

3.1 Barrier Fabrication

Six massive concrete barriers were fabricated in a casting facility and were
shipped to the site of testing. Barrier drawings and specifications are given in Appendix
A. The barriers were essentially rectangular with exterior dimensions (length × height ×
thickness) of 3.05 × 1.07 × 0.61 m (120” × 42” × 24”), though spaces were left for fork
lifts on the bottom and connection areas on the ends. The barrier test matrix is listed in
Table 3-1.
Table 3-1: Barrier Test Matrix
ID
K-1
CFRC
NFRC

SS-H
SS-L
PLY-1

Concrete
Standard Concrete (control 1)
Carbon fiber
Nylon fiber
Synthetic/steel fiber mix 1
(high fiber volume)
Synthetic/steel fiber mix 2
(lower fiber volume)
Polyurea coating
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Three different mix designs were used to construct two barriers of fiber reinforced
concrete (FRC), two barriers of high performance fiber reinforced cementitious
composite (HPFRCC), and two barriers traditional concrete, of which one would be
coated with polyurea. The mix designs are shown in Table 3-2. The control mix was a
35 MPa (5000 psi) minimum strength mix commonly used by the fabricator. The two
fiber mixes were specially proportioned to allow for acceptable workability with the
fibers added. The FRC mixes, containing nylon or carbon fibers, used silica fume
blended cement with 10 mm (3/8”) pea gravel and 1.5% fibers by volume. The HPFRCC
mix, technically not concrete since it lacked course aggregate, contained a blend of steel
and polypropylene fibers with 5% (SS-H) or 3.8% (SS-L) total fibers by volume.
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Table 3-2: Barrier Concrete Mix Designs

IDs
Units
Portland Cement

Control

FRC

HPFRCC

K-1, PLY-1

CFRC, NFRC

SS-H, SS-L

3

3

Water
Water Reducing
Admixture

kg/m (lbs/cu. yd)
344 (580)
Type I
86 (145)
-831 (1400)
843 (1420)
1/2" aggregate
169 (285)
2200 ml/m3
(58 oz./cu. yd)

Air Entrainment
Admixture

270 ml/m3
(7 oz./cu. yd)

--

--

--

Slag
Fly Ash
Fine Aggregate
Course Aggregate

Set Retarder

kg/ m (lbs/cu. yd)
429 (724)
silica fume blend
184 (310)
-628 (1060)
751 (1267)
3/8" pea gravel
209 (352)
as needed

Fibers
-*
3
*Carbon or nylon fibers added at 1.5% by volume or 19.8 kg/m (33.4 lb/cu. yd)

kg/ m3 (lbs/cu. yd)
750 (1265)
Type I
-107 (180)
1168 (1970)
--313 (528)
10,600 ml/m3
(274 oz./cu. yd)
-270 ml/m3
(7 oz./cu. yd)
** ***

**SS-H barriers included Propex Novocon 0730 steel fibers at 2.5% by volume or 195 kg/m3 (330 lb/cu.
yd), Enduro 600 macro synthetic fibers at 1.8% by volume or 16 kg/m3 (27 lb/cu. yd), Fibermesh FM650
macro synthetic fibers at .6% by volume or 5 kg/m3 (9 lb/cu. yd), Fibermesh 150 micro synthetic fibers at
.066% by volume or 0.6 kg/m3 (1 lb/cu. yd). Total fiber volume was 5%.
***SS-L barriers included Propex Novocon 0730 steel fibers at 2.0% by volume or 156 kg/m3 (264 lb/cu.
yd), Enduro 600 macro synthetic fibers at 1.33% by volume or 12 kg/m3 (20 lb/cu. yd), Fibermesh FM650
macro synthetic fibers at .4% by volume or 4 kg/m3 (6 lb/cu. yd), Fibermesh 150 micro synthetic fibers at
.066% by volume or 0.6 kg/m3 (1 lb/cu. yd). Total fiber volume was 3.8%.

After casting, the barriers were left at ambient temperatures with no special curing
provisions before being shipped to AFRL. Compressive cylinder strengths given by the
fabricator at 7 days are shown in Table 3-3. Tests where the strengths are given as 48+
MPa (7000+ psi) were stopped when the cylinder reached a strength of 48 MPa (7000
psi) as per standard procedure of the fabricator. Each mix design was proportioned to
attain 28-day strengths of 45 MPa (6500 psi), though there was a significant scatter of
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strengths among the mixes. On the day of testing, the concrete age in all barriers was
approximately 90 days.
Table 3-3: Cylinder Strengths of Concrete Mixes
ID
K-1, PLY-1
NFRC
CFRC
SS-H
SS-L

7 day avg. strength
MPa (psi)
38.4 (5570)
48+ (7000+)
40.0 (5800)
37.8 (5490)
48+ (7000+)

One traditional concrete barrier was coated with polyurea after being shipped to
AFRL. Two coats were painted on the top and sides of barrier PLY-1. One day later, it
was tipped on its side and given two coats its bottom side. The coating thickness
measured on barrier PLY-1 was only 0.5 mm (0.02”), leaving some concern about the
effectiveness of the coating due to the difference in coating thickness when compared to
previous lab work (Viswanath 2007). The polyurea was left to cure and had an age of
approximately 40 days on the day of testing.

3.2 Blast Testing

Six barriers were tested with a satchel charge of C-4 explosive placed in contact
with the barrier at its base in the center. The exact weight of C-4 explosive used cannot
be disclosed due to the sensitive nature of this research. The first two tests were
conducted individually and the remaining tests were conducted in pairs, with
approximately 50 meters between the two test setups. The barriers were tested in the

58
following order: (1) K-1, (2) SS-H, (3) CFRC and PLY-1 together, and (4) NFRC and
SS-L together. For the tests, each barrier was connected in a chain with two other
barriers on each side. The other four barriers in the chain were left over from a previous
test and were included to give realistic support conditions. They were the same
dimensions as the barriers being tested, but were twice the thickness. The barriers were
connected with drop-in pins to form a chain. The chain was resting on soil and the center
test barrier was placed on a concrete slab which was level with the ground. A high speed
video camera captured the test from the rear and a standard speed video camera captured
the test from the front. The intent of these was to capture the behavior of the barrier to
compare with analytical results, though the response from close-in blasts is typically
hidden by the fire from the explosion. A free field pressure gauge recorded the pressure
time history at a distance of 15 m from the charge. A schematic of the test setup is shown
in Figure 3-1 and the front view of the chain of barriers is shown in Figure 2-6 .
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Figure 3-1: Plan view of test setup (not to scale)
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Test Barrier

Support Barriers

Figure 3-2: Chain of barriers before testing
The charge was detonated remotely and data was collected at the range after the
blast. Photographic documentation was taken from multiple angles relative to the
barriers before and after the test. Close-up photographs were also taken of craters left by
the blast. Each barrier was evaluated for extent of spall damage using the classifications
from McVay (1988). The debris field was mapped using surveying equipment and the
mean diameter of each piece of debris was recorded. Debris pieces were mapped and
measured if their mean diameter was 125 mm (5”) or greater. Permanent deflection
measurements were taken of the barrier front at both ends and the center with a string line
and a tape measure, using the outside corners of the outermost barriers as stationary
reference points. The mass of the intact barrier was taken before and after the test to
measure how much material was ejected during the blast.
The procedures outlined above were followed for every barrier tested and data
was recorded and analyzed. The following section describes the outcomes of the blast
tests in terms of barrier damage, amount of ejected material, and debris fields.

Chapter 4
Blast Test Results

As listed in Table 3-1, tested barriers included one control (K-1), one polyurea
coated barrier (PLY-1), two fiber reinforced concretes (NFRC and CFRC), and two fiber
volumes of high performance fiber reinforced cementitious composite (SS-H and SS-L).
The results of the blast testing showed no barriers that were destroyed completely such
that a truck could easily pass through the breach.

4.1 Barrier Damage

Photos of barriers before and after testing are shown in Figures 4-1 through 4-6.
The control barrier (K-1) was damaged extensively. A large crater was created on the
front (charge) side and was surrounded by radial cracks. Most of the back face was
ejected, leaving only a small portion intact. The stirrups in the center region of the
barrier debonded from the concrete and deformed outward from the bottom splice. All of
the concrete remaining in the inner one third of the barrier length was reduced to rubble.
The two steel tie bars prevented a breach from forming by containing the larger pieces of
rubble. It was surmised that almost no concrete with load carrying capacity remained due
the extensive cracking and separation from reinforcing steel.
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Concrete Slab

(a)

Rubble

Radial cracking

Deformed Bars

(b)

(c)

Figure 4-1: Control (K-1) barrier (a) before test and after test: (b) front and (c) back.

(a)

Tearing

Debonding
Rubble
Deformed Bars

(b)

(c)

Figure 4-2: PLY-1 barrier (a) before test and after test: (b) front and (c) back.
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Figure 4-3: CFRC barrier (a) before test and after test: (b) front and (c) back.

(a)

Radial
cracking

Vertical
Crack
Deformed Bars

(b)

(c)

Figure 4-4: NFRC barrier (a) before test and after test: (b) front and (c) back.
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Deformed Bars

Figure 4-5: SS-L barrier (a) before test and after test: (b) front and (c) back.
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Crack

Deformed Bars

(b)

(c)

Figure 4-6: SS-H barrier (a) before test and after test: (b) front and (c) back.
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The polyurea coated barrier (PLY-1) exhibited a similar amount of damage as the
control. The coating thickness measured after the blast on PLY-1 was only around 0.5
mm (0.02”), which allowed the coating to tear very easily. Though some secondary
fragments were contained by the blast, most were free to escape after the coating was
torn. The coating had debonded in many areas and could easily be pealed off areas where
it had not debonded. The condition of the reinforcing steel and concrete was similar to
that of the control barrier.
The carbon and nylon fiber reinforced concrete barriers (CFRC and NFRC) both
exhibited far less damage than the control. These two barriers, which were both
fabricated with a mix including 1.5% fibers by volume, had similar performance. On
each barrier, a small crater was observed on the front side surrounded by radial cracking.
A vertical crack extended to the top throughout the entire thickness, showing that vertical
bending had occurred. A large cavity in the back face on both barriers showed debonded
reinforcing steel and some fragments still connected to the barrier by fibers alone. The
concrete still contained in the barrier appeared intact and capable of carrying load.
Inspection of fragments showed all fibers exhibiting a pullout failure rather than fracture.
The high performance fiber reinforced cementitious composite (HPFRCC)
barriers with two different fiber volumes (SS-H and SS-L) showed little difference in
response. A very small crater was observed on their front sides surrounded by radial
cracks. A large vertical crack extending upward from the crater was observed as in the
FRC barriers. The back face had a larger crater with debonded reinforcing steel similar
to the FRC barriers. The remaining concrete appeared intact and capable of carrying
more load. Fiber pullout was assumed to be the primary failure mechanism since no
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fractured fibers were found. Overall, it was determined that barriers SS-H and SS-L
appeared to be slightly less damaged than barriers NFRC and CFRC.
The spall damage from the classifications in Table 2-2 (McVay 1988) is listed for
each barrier in Table 4-1. Barriers K-1 and PLY-1 exhibited “severe” spall damage,
meaning that over a third of the barrier thickness had spalled and the barrier was almost
breached. Barriers CFRC, NFRC, SS-L, and SS-H each exhibited “medium” spall
damage, meaning up to a third of the barrier thickness was spalled. Of all the barriers,
SS-L appeared to have the least spall damage.
Table 4-1: Spall damage classification of barriers
ID
K-1
PLY-1
CFRC
NFRC
SS-L
SS-H

Spall Damage
SEVERE
SEVERE
MEDIUM
MEDIUM
MEDIUM
MEDIUM

Pictures of the damaged barriers were imported into a computer aided drafting
program and outlines of the damaged areas of the barriers were made. The superficial
damage was defined as the ratio of damaged area from the front and back faces to the
undamaged outline area, or A2/(A1+A2) in Figure 4-7. The results for each barrier are
plotted in Figure 4-8. Using this method, barriers K-1 and PLY-1 had the highest level of
superficial damage, followed by barriers CFRC, NFRC, SS-H, and SS-L.
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Figure 4-7: Example damage mapping of barrier
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Figure 4-8: Superficial damage of front and back faces of barriers
The mass of each barrier was taken before and after testing to determine the
amount of material lost during the blast. Figure 4-9 shows the portion of each barrier
which was lost and the portion which was remaining. The control barrier (K-1) lost the
most material and the two HPFRCC (SS-L and SS-H) barriers lost the least. This
measure of barrier damage does not account for the damaged portions of the barrier that
were unable to escape. A visual inspection of the barriers after the test showed that very
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little of the concrete within the fiberless concrete barriers (K-1 and PLY-1) still had loadcarrying capacity, meaning a greater portion of the material had failed than is represented
by the graph.
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Figure 4-9: Percentage of material ejected during blast
Permanent deflection measurements of the barriers were made, though no useful
information could be attained from them. The test barriers appeared to have only a small
flexural response with the majority of the deflection coming as rigid body motion.
Because of the extent of the damage on the front and back faces, it was difficult to make
a deflection measurement that would show any indication of flexure.

4.2 Debris Fields

A photograph of the debris field for barrier K-1 is shown in Figure 2-8 . For each
barrier, every debris fragment of 125 mm (5”) diameter or larger was mapped and is
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plotted in Appendix C. The small pieces (<125 mm or 5”), though still a hazard, were
not mapped because it was unfeasible to do so. Debris which fell within 15 m (50’) of
the barrier was not considered to be as great a threat because these fragments were not
flying at high velocities. The number of fragments mapped beyond 15 m, 30 m, and 45
m (50’, 100’, and 150’) was counted for each barrier and the result is shown in Figure 411. The control barrier (K-1) had the fewest large fragments mapped beyond 15 m. The
CFRC barrier had the most fragments mapped beyond 15 m, which was six times that of
the control. It is surmised that carbon fibers caused the concrete to break into larger
pieces than the other fiber mixes. The control and polyurea barriers had a larger amount
of spalling occur than the other barriers, but that spalling was broken into smaller
fragments, which were not mapped though they can still pose a threat to bystanders.

Debris
Damaged
Barrier

Figure 4-10: Debris field from barrier K-1 (control)

# of fragments ≥ 5" dia.
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Figure 4-11: Debris fragments ≥ 125 mm (5”) diameter mapped from each barrier. (1 ft =
0.305 m)

4.3 Discussion

The two HPFRCC barriers (SS-L and SS-H) had the least amount of superficial
damage and material loss. This can be attributed to their high fiber volume. It did not
seem to make a difference between the low and high volume dosage of fibers in these
barriers. The SS-L barrier actually had less superficial damage, material loss, and fewer
debris fragments beyond 15 m (50’) than the SS-H barrier. Some of this can be attributed
to the lower volume mix having a higher compressive strength than the higher volume
mix (see Table 3-2). This property was not expected since the two had the same mix
proportions before fibers were added.
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The control concrete barrier (K-1) exhibited the highest amount of superficial
damage and material loss, but had a more ideal debris field than any other barrier, with
the fewest large fragments found greater than 15 m (50’) from the barrier. The lack of
fibers in the mix caused smaller pieces of debris to form than in the fiber reinforced
barriers and only three fragments larger than 125 mm (5”) were found farther than 15 m
(50’) from the barrier. The barrier did not breach from the blast threat it was exposed to,
but likely with a larger charge a breach would occur. The large amount of material lost
during the blast means there is a higher probability of some injury occurring from the
spall, though the hazard is not as great since the fragments were small.
The CFRC and NFRC barriers behaved very similarly in terms of superficial
damage and material loss, but the size of the fragments lost in the CFRC barrier was
larger than those from the NFRC barrier. Differences in the bond, fiber shape, and fiber
mechanical properties could have contributed to this difference.
The poor performance of the polyurea coated barrier can be explained by its low
thickness and poor bond to the concrete substrate. The coating was painted on rather than
cast on the surface, as had been tested previously (Viswanath 2007). However, coating
thickness is likely the main contributing factor. A greater coating thickness would likely
contain the concrete fragments from the blast without tearing.
A separate analytical study was carried out using a finite element modeling
approach to compare with the results from blast testing. The following section describes
the modeling procedure.

Chapter 5
Modeling Procedure

An analytical modeling study was carried out using the Lagrangian finite element
code LS-DYNA with explicit time step integration. The following sections describe the
finite element model, material models, and loading that were used.

5.1 Model Description

The finite element model consisted of one support barrier and one half of an test
barrier utilizing one plane of symmetry. Figure 2-6 shows the one half meshed model
including the reinforcing cage and steel tie bars. The ground surface is omitted for
clarity. The outside barriers were constructed with 75 mm (3”) cube fully integrated solid
elements. The inside barrier consisted of 25 mm (1”) solid elements with a 1:1:1 aspect
ratio. Each barrier was modeled as a rectangular solid with dimensions of 3048 × 610 ×
1066 mm (120”×24”×42”) omitting the forklift pockets and the void areas at each end
(see Appendix A for barrier drawings). These areas form just a small part of the barriers
and were omitted so the model could be more simply constructed, making it more
practical for a designer. The steel tie bars were modeled with 75 mm (3”) square shell
elements and, for the purposes of this study, were assumed in perfect bond with the
concrete using the keyword *CONSTRAINED_LAGRANGIAN_IN_SOLID.
Longitudinal and transverse reinforcing steel was incorporated using 75 mm (3”) beam
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elements, again assuming perfect bond. The transverse reinforcing steel was connected
to the longitudinal reinforcement with a series of rigid link elements so the longitudinal
bars were unable to move outside of the transverse cage. Boundary conditions on the
model included an infinite rigid ground surface with a nominal coefficient of coulomb
friction of 0.3. The steel tie bars connected the inside barrier to the outside barriers with
two common nodes in the location of the pin connection, thereby creating connection in
the models that mimicked that used for the actual barriers. The support barriers were
restrained with two nodes on each tie bar in the transverse direction.
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Support Barrier

Test Barrier
Plane of Symmetry

(a)

Transverse Steel

Steel Tie Bar

Longitudinal Steel
Plane of Symmetry

(b)

Figure 5-1: Analytical model with one plane of symmetry: (a) full model and (b) rebar
cage and tie bars

5.2 Loading

All concrete elements in the model were given an initial gravity loading. A
hemispherical blast loading was initiated, using the keyword *LOAD_BLAST, at
coordinates corresponding to the centroid of the C-4 charge used in the experiment. The
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exact charge weight and location cannot be disclosed for security reasons. LS-DYNA
requires an input for the equivalent mass of TNT, so a relationship
equivalent weight TNT = 1.28 × weight C-4

(5.1)

was used. The factor 1.28 is commonly used because it is the average of the ratios of
peak incident pressure and peak incident impulse for blasts of C-4 to blasts of TNT of the
same weight (TM5-855-1 1986). The blast load generated by LS-DYNA is an empirical
pressure time history based on tests conducted by the US Army Corps of Engineers
(TM5-855-1 1986). Empirical relationships for incident and reflected pressure based on
charge weight and standoff distance were incorporated into a program called ConWep.
This was then implemented into an algorithm for LS-DYNA (Randers-Pehrson and
Bannister 1997) and was verified for blasts with scaled distances as low as 0.063 m/kg1/3
(0.16 ft/lb1/3). The ConWep algorithms calculate a pressure time history for each of the
segments defined by the user. The pressure segments were defined as the front faces of
each barrier.

5.3 Material Models

Included in version 971 of LS-DYNA are nearly 200 material models that can
represent a wide range of material behaviors (LSTC 2007). Magallanes (2008)
determined through comparison with blast test results that Release 3 of Material 72
(keyword *MAT_CONCRETE_DAMAGE_R3) (Malvar et al. 1997) and Material 159
(keyword *MAT_CSCM, Continuous Surface Cap Model)(Murray 2007b) are two of the
most effective concrete material models for simulating blast response of reinforced
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concrete beams and slabs. An overview of the theory behind these models is given in
Section 2.10.3. Material 159 was chosen to model the control barrier with autogenerated
parameters for default 45 MPa (6500 psi) compressive strength concrete because it had a
separate softening function in tension and compression. Single element simulations with
Material 159 more closely predicted the uniaxial tensile test data softening curve than
Material 72. Material input cards for all material models used are given in Appendix B.
The carbon fiber reinforced concrete (CFRC) models were created by modifying
the autogenerated parameters in Material 159. In Material 159, fracture energy Gf is an
input parameter for compression, tension, and shear (Murray 2007b). The value of Gf
was changed from 0.0908 MPa-mm (0.519 psi-in) to 11.68 MPa-mm (66.7 psi-in) for
tension and shear, which was attained from uniaxial tensile tests of CFRC (Musselman
2007). The dramatic increase results from the transformation from almost no post
cracking ductility in traditional concrete to a large amount in CFRC. Default rate effects
parameters were kept for the CFRC model, which correspond to CEB values (Murray
2007b). Fracture energy was assumed to be independent of strain rate to stay consistent
with the default parameters for traditional concrete.
For the steel bars and steel plates, a bilinear stress-strain curve was assuming
expected yield and ultimate strengths to be 475 and 750 MPa (69 and 109 ksi)
respectively (Malvar 1998). LS-DYNA material model 24, “Piecewise Linear
Plasticity,” which allows for a multilinear stress-strain curve to be defined, was chosen as
the steel model for its compatibility with beam elements and its ability to incorporate rate
effects. A strain based erosion algorithm was implemented and the failure strain was set
to 0.12 (Malvar 1998).
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The polyurea coatings were modeled with perfectly bonded shell elements having
constant thickness of 0.5 mm (0.02”) around every exterior surface of the barrier.
Material 24 was used with five unique stress strain curves, corresponding to different
loading rates, being input with tension data taken from Roland et al. (2007). The
compressive response of polyurea was assumed identical to the tensile response, although
these stresses would be insignificant compared to concrete compressive forces in the
same location. Element erosion was set to occur when the element reached an actual
plastic strain of 1.5, the material’s strain at maximum stress.
The outcomes of the analytical procedures listed above are highlighted in the
following chapter. This chapter includes comparison of analytical and experimental
results and what assumptions may have contributed to inaccuracies of the model.

Chapter 6
Modeling Results

The analytical study was carried out on three barriers: the control barrier (K-1),
the carbon fiber reinforced concrete barrier (CFRC), and the polyurea coated barrier
(PLY-1). These were the only barriers which had enough lab test data available to
characterize the material behavior for the model. The following sections describe the
results from LS-DYNA, including discussion on how well the model corresponded with
experimental results.

6.1 Barrier Damage

Top views of barrier damage for barriers K-1, CFRC, and PLY-1 are shown in
Figures 6-1, 6-2, and 6-3 respectively. The erosion algorithm caused failed elements to
be deleted, allowing spalling to occur. In the K-1 (control) model 80% of the elements
had eroded after 100 ms compared to only 19% for the CFRC model. A large portion of
the elements which did not erode in the K-1 model were ejected from the barrier. The
remaining portion of the barrier was extensively damaged throughout. The CFRC model
ejected fewer elements and stayed much more intact than the K-1 model. Interior
damage other than that which was ejected was minimal in the CFRC barrier.
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t = 8 ms

t = 20 ms

t = 60 ms

Figure 6-1: Top view of K-1 barrier displacement contours from LS-DYNA (mm)

80

t = 8 ms

t = 20 ms

t = 60 ms

Figure 6-2: Top view of CFRC barrier displacement contours from LS-DYNA (mm)
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t = 8 ms

t = 20 ms

t = 60 ms

Figure 6-3: Top view of polyurea barrier displacement contours from LS-DYNA (mm)
The PLY-1 (polyurea coated) model showed the same number of concrete
elements eroding as the K-1 model (80%) after 100 ms, but did not allow any debris to be
ejected. Figure 6-3 shows that at 20 ms a large bulge had formed in the polyurea, but it
had begun to retract by 60 ms. None of the polyurea shell elements reached their
threshold true plastic strain of 1.5 to cause them to erode, so no tearing of the coating was
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predicted. Also, the perfect bond assumption that was made for the model meant that no
debonding took place.
The K-1 and CFRC model outputs were analyzed to determine the extent of
damage occurring on their front and back faces. First, the resultant displacement history
was plotted for the center node of the steel tie bar, which stayed intact during the test.
This served as a baseline for the maximum displacement expected from elements which
stayed connected to the barrier 100 ms after the blast. Then all elements which had a
resultant displacement at 100 ms which was greater than the baseline were hidden,
revealing the near-final state of the damaged barrier. Plots of the front and back barriers
were then imported into a computer aided drafting program and the crater extents were
traced. Figures 6-4 and 6-5 show the maps of the craters from barriers K-1 and CFRC
respectively. Barrier K-1 (control) was damaged extensively on both its front and back
faces. The approximate crater outline does not include the extensive cracking that was
shown in the model output. Three dimensional views of the damaged barrier aided in the
determination of the crater boundaries. Since the polyurea coated barrier model did not
predict any rupture of the polyurea, the damage caused by the blast was not mapped.
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(a)

(b)
Figure 6-4: Mapped craters of barrier control barrier K-1: (a) front and (b) back.

(a)

(b)
Figure 6-5: Mapped craters of barrier carbon fiber barrier CFRC: (a) front and (b) back.
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6.2 Validation

The output of the analytical model was qualitatively compared with the results of
the blast tests from Chapter 4. A quantitative comparison was impractical due to the
limited instrumentation the blast testing allowed. The results are listed in the following
sections.

6.2.1 Damage Comparison

The K-1 and CFRC models showed good agreement with experimental results,
though the PLY-1 model did not. Crater mappings from the analytical model (after 100
ms) and the actual damaged barriers are shown side by side in Figure 6-6 (K-1) and
Figure 6-7 (CFRC). Barrier K-1 had very similar crater mappings from both analytical
and experimental results. In both results a large amount of material was ejected and the
material left behind consisted largely of rubble. The actual damaged barrier, which was
classified as “severe spall” may have appeared to reach the level of “breach” in the
model. However, since the erosion algorithm deletes the elements that have no
remaining load-carrying capacity, the model will appear to have breached when it hasn’t.
When this is taken into account, the experimental and analytical results show good
correlation for barrier K-1.
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Front

Back

Figure 6-6: Comparison of crater mappings from experimental and analytical studies for
barrier K-1.
Barrier CFRC had front and back crater dimensions that were similar for the
analytical and experimental results. The model predicted a slightly taller crater on the
front and back than was observed in the testing. Also, the back crater in the experimental
test was slightly wider than the model predicted, possibly due to the omission of the
forklift pockets in the model which would have caused more spall from localized effects.

Front

Back

Figure 6-7: Comparison of crater mappings from experimental and analytical studies for
barrier CFRC.
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The polyurea (PLY-1) model, shown in Figure 6-8, was not in agreement with the
experimental results. Blast testing showed extensive delamination and tearing of the
polyurea, resulting in large amounts of damage and ejected material. The analytical
model, which assumed perfect bond between the concrete and polyurea, did not predict
any tearing of the coating. Though “severe” spalling did occur in the concrete portion of
the model, as was observed during blast testing, it was contained by the intact coating.
This modeled behavior did not match what was observed during testing.

Front

Back

Figure 6-8: Comparison of crater mappings from experimental and analytical studies for
barrier PLY-1 (polyurea coated).

6.2.2 Pressure History

To validate the models further, the pressure-time history experimentally measured
from the blast at a distance of 15 m (49 ft.) was compared to the empirical data from the
LS-DYNA model, obtained from ConWep (TM5-855-1 1986). The two curves are
plotted in Figure 6-9. The peak pressure measured during the blast was 40.9 kPa (5.93
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psi) compared to 47.5 kPa (6.89 psi), a percent error of 16%. This can be partially
explained by the conversion factor of 1.28 used to convert from C-4 explosive weight to
equivalent weight of TNT, which was an average of the ratios impulse and pressure for
the two explosives. Though the empirical data lacked a negative pressure phase due to
assumptions made by ConWep, the structure was unlikely to respond to the pressures
themselves, but rather the net impulse of the blast (TM5-1300 1990).
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40

Empirical Data (CONWEP)
Experimental Data
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20
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0
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-20
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Figure 6-9: Pressure-time history at 15 m (49 ft.) for experimentally captured data and
empirical data from ConWep (TM5-855-1 1986) used in analytical model. 1 kPa = 0.145
psi

6.2.3 High Speed Video

The intent of the high speed video was to verify the behavior of the barrier was as
the model predicted, though it was difficult to see because of the fireball which engulfs
the barrier and the dust cloud created by the blast. Despite this, video from the K-1 and
CFRC barrier tests was compared to the model output. Images from the blast test and the
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model are shown at the same time step in Figures 6-10 (K-1) and 6-11 (CFRC). The
flying debris at this point in the blast is in a similar location for both the video and the
model, suggesting that their spall velocities are approximately the same. Barrier CFRC
shows a larger average size of debris than barrier K-1 in both its video and model. This
result was also observed in the debris field mapping.

Figure 6-10: High speed video and analytical model at 60 ms for barrier K-1.
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Figure 6-11: High speed video and analytical model at 83 ms for barrier CFRC.

6.3 Discussion

The CFRC models showed significantly less spalling than the control (K-1)
models. This was due to the greater fracture energy input in the material model for
CFRC. Fracture energy increases in CFRC are caused by fibers bridging cracks and
absorbing energy during pullout. This behavior is especially attractive in blast
applications since the material has less opportunity to break apart and create a hazard.
A parametric study was computed on the K-1 and CFRC models to examine the
damage inflicted on a barrier by different blast magnitudes. This was done by varying
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the standoff distance of the charge weight used in the study. The percent of eroded
elements after 30 ms was plotted versus the reflected impulse of the blast in Figure 6-12.
The scaled distances for each blast are shown above each point. The figure shows that
for some blasts with greater standoff distances, the CFRC barrier will sustain almost no
damage when over 35% of control barrier will still be damaged. Consequently,
according to modeling results, CFRC provides a benefit against damage for both close-in
and far-out blasts.

100%
90%

0.10

% of eroded elements

80%
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70%

Control (K-1)

60%

CFRC

50%
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0.42

30%
20%
10%

Contact
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0.83
1.67

0%
1000
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100000

1000000

Reflected Impulse (kPa-ms)

Figure 6-12: Sensitivity of element erosion to reflected impulse for control and CFRC
barriers. (1 kPa-ms = 6.90 psi-ms, 1 m/kg1/3 = 2.52 ft/lb1/3)
Several assumptions might have contributed to error in the analytical models.
Among these is the blast loading function in LS-DYNA, whose close proximity to the
barrier was at the smallest scaled distance for which the empirical model was verified.
The blast was also assumed hemispherical without any localized effects from the
surrounding barriers or forklift pockets. Figure 6-13 shows high speed video captured the
blast passing under the forklift pockets first. This could have contributed to some
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discrepancy in the model results. The omission of the forklift pockets was done to
simplify the model.

Figure 6-13: Blast passing under the forklift pockets in barrier
Other assumptions concerning concrete material parameters may have contributed
to some error. Though autogenerated parameters are commonly used, triaxial test data
for the specific concrete mix used is ideal for modeling concrete using Material 159 in
LS-DYNA. Assumptions such as perfect bond between concrete and steel, idealized
boundary conditions, and mesh size were made to simplify the model and could have
contributed to error.
Polyurea properties were taken from the literature since high strain rate data was
unavailable for the specific polyurea used. Since different formulations of polyurea can
have different mechanical properties, the parameters input to the material model may not
have represented the true properties of the material. Also, the perfect bond assumption
between the polyurea and concrete in the model was shown to be invalid from the blast
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tests. A model that allows debonding of polyurea would improve its correlation with
experimental results.
The analytical models in this study demonstrate how spalling behavior can be
predicted to reasonable accuracy. With proper laboratory testing, these modeling
techniques could be applied to any fiber reinforced cementitious composite. Since blast
testing is often prohibitively expensive, models such as those presented can be used to
test other members under blast loads in different configurations to qualitatively evaluate
their performance.

Chapter 7
Conclusions

Vehicle barriers of traditional concrete, polyurea coated concrete, carbon and
nylon fiber reinforced concrete (CFRC and NFRC), and two fiber volumes of high
performance fiber reinforced cementitious composite (HPFRCC) were tested under
contact explosive charge detonations representing an actual in-theater threat. The
primary objective was to assess the barriers’ ability to prevent vehicle entry after an
initial attack. The secondary objective was to measure each barrier’s ability to minimize
flying secondary debris. The tertiary objective was to develop a finite element model to
predict level of damage inflicted upon the traditional concrete, polyurea coated concrete,
and CFRC barriers.
Every barrier tested was successful in preventing a breach, so a vehicle could not
pass through. However the traditional concrete (control) and polyurea coated concrete
were damaged extensively so the inner one third of these barriers was reduced to rubble,
thereby increasing the likelihood that a vehicle could breach the barrier. Material loss by
mass was measured at 41% for the control barrier and 36% for the coated barrier. The
coated barrier exhibited tearing of the coating and delamination in many locations,
rendering it ineffective at containing spall possibly due to the low thickness of the
coating. CFRC and NFRC barriers, with 1.5% fibers by volume, had reduced damage
and only 18% (CFRC) and 12% (NFRC) of their mass was ejected by the blast. Two
HPFRCC barriers with different fiber volumes (SS-L at 3.8% and SS-H at 5%) had the
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least amount of barrier damage with only 7% of barrier SS-L and 8% of barrier SS-H
being ejected.
The performance of the barriers in reducing the amount of secondary debris flying
through the air is a consideration because of the hazard the debris creates. Fragments are
considered a greater hazard if they fly long distances, indicating they left the barrier with
high velocities. The debris fields after each test were mapped for every fragment of 125
mm (5”) diameter or larger. The number of fragments mapped 15, 30, and 45 meters (50,
100, and 150 ft.) away from ground zero was recorded for each barrier. Because of
concrete’s tendency to break apart easily under blast loads, very few large fragments
were found beyond 15 m for the control and polyurea coated barriers. The trend was that
smaller fragments were found at large distances and the large fragments were only found
very close to the barrier. A small increase in number of fragments (2-3 times the control)
beyond 15 meters was recorded for both HPFRCC barriers and the NFRC barrier. The
CFRC barrier had a large increase (6 times the control) in the number of fragments 125
mm or larger found 15 meters or more from ground zero since the fibers cause debris to
cling together more than for other barriers. A summary of the blast test results is shown
in Table 7-1.
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Table 7-1: Summary of Blast Test Results

ID

Spall
(McVay
1988)

% Front
Damage

% Back
Damage

%
Material
Loss

Large
debris
>50’

K-1

Severe

22%

60%

41%

3

PLY-1

Severe

24%

76%

36%

7

CFRC

Medium

10%

30%

18%

18

NFRC

Medium

9%

27%

12%

6

SS-L

Medium

7%

20%

7%

5

SS-H

Medium

8%

20%

8%

7

Analytical models of control, CFRC, and polyurea coated barriers were created
using the finite element code LS-DYNA. Parameters for the material models were
created from laboratory data and blast loads were generated with an empirically based
loading function. The control and CFRC models were able to predict the general size and
shape of the damage to the front and back faces. The model for the polyurea coated
barrier, however, was unable to predict the debonding and tearing of the coating observed
in blast testing. The assumption of perfect bond to the concrete substrate was proven to
be invalid and the validity of mechanical properties input based on the literature was
called into question for this particular polyurea.
Apart from economic considerations, the low volume HPFRCC performed better
overall than any other material when damage and debris field are both considered. It was
followed by high volume HPFRCC, NFRC, CFRC, polyurea coated concrete, and finally
traditional concrete. When economic considerations are included, the NFRC and low
volume HPFRCC were competitive with each other. Though exact pricing information
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for every type of barrier cannot be released, the NFRC mix, with 1.5% fibers by volume,
was the least expensive of the fiber mixes tested. The wholesale cost of fibers in the low
volume (3.8%) HPFRCC mix was roughly 68% greater than those of the NFRC mix.
The CFRC fibers were 88% more expensive and the high volume HPFRCC fibers were
114% more expensive than the fibers in the NFRC mix. Since the results of this testing
show a great benefit when only 1.5% fibers are added by volume, as in CFRC and NFRC,
a lower total volume of the fibers used in the HPFRCC mix could significantly improve
blast performance and cost 34% less than the fibers in the NFRC mix. Other mix details
such as cement content and admixtures vary among the tested mixes, though their
contribution to the total price is considered somewhat minor compared to the cost of
fibers. The additional cost of the fibers alone was estimated to increase the cost of
concrete by 250% for barrier NFRC, 500% for CFRC, 450% for SS-L, and 550% for SSH, based on a typical high strength concrete price of $110 per cubic yard. No data was
available for the cost of polyurea. Other details of the fiber mixes, including additional
cement and admixtures, will further increase the cost of the concrete. These additional
costs mean that fiber reinforced cementitious composites are only suitable for situations
where the fibers provide a benefit which outweighs their additional cost. Examples of
these benefits include reduced labor costs, material volume, and maintenance; and better
performance over both the short and long term.
Nylon fiber reinforced concrete (NFRC) with a 1.5% fiber volume and high
performance fiber reinforced cementitious composite (HPFRCC) with a 3.8% fiber
volume were therefore determined to be the best materials tested for use in blast-resistant
vehicle barriers in terms of price and performance, though other blast applications may
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favor a different material. However, the price of the barrier material increases
significantly when fibers are added, so traditional concrete barriers may be more
favorable in some situations. Analysis of threats and protection criteria will determine
which type of barrier is suitable for each application.
Nonlinear finite element models have been shown to be able to predict the general
damage a blast will cause in a barrier. Though more experimental testing would further
validate this form of modeling, the results of this research show that designers can model
the blast response of different types of materials and structural components to assess their
performance in under a given threat.
In summary, the conclusions and recommendations of this research are:
•

Nylon fiber reinforced concrete barriers at 1.5% fiber volume was shown give the
greatest improvement in performance for the least increase in cost.

•

Dosages of the steel and polypropylene fibers less than the 3.8% fiber volume
tested have the potential to improve contact charge blast performance with less
additional cost.

•

A traditional concrete barrier may be suitable in many applications, but in
suituations involving a greater threat, the addition of fibers has been shown to
greatly improve blast resistance.

•

A polyurea coating was not effective in increasing contact charge blast resistance
in barriers at a thickness of 0.5 mm (0.02”). Greater thicknesses must be tested to
determine its suitability for this application.
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•

Finite element modeling in LS-DYNA can be useful for designers to use to
predict the level of damage a concrete or fiber reinforced concrete barrier will
undergo in a contact charge blast.
As threats continue to evolve, practices in protective technology will evolve as

well. The options investigated in the research are by no means the only ways to provide
blast resistant perimeter security. A designer should make a barrier choice based on the
requirements of the specific application. The results and conclusions presented in this
research will be helpful to designers when making these decisions. Prudent decision
making in this area will ultimately improve the safety of personnel and assets in many
facilities.
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Appendix A
Barrier Drawings

OVERALL DIMENSIONS
NOT TO SCALE
(1 m = 3.28 ft)
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REINFORCING DETAIL
NOT TO SCALE
(1 m = 3.28 ft)

Appendix B
LS-DYNA Material Input Cards

Below is a list of the material inputs given to LS-DYNA for the analytical
modeling of the barriers. Explanation of terms can be found in the LS-DYNA Keyword
User’s Manual (LSTC 2007). Units are MPa, mm, seconds, Mg/mm3, and N.

B.1 Traditional 45 MPa (6500 psi) Concrete
*MAT_CSCM
$#
mid
ro
nplot
incre
irate
erode
159 2.3200E-9
1
0.000
1 1.000000
$#
pred
0.000
$#
g
k
alpha
theta
lamda
beta
13120.000 14370.000 15.870000 0.346700 10.510000 0.019290
$# alpha1
theta1
lamda1
beta1
alpha2
theta2
0.747300 6.7310E-4 0.170000 0.051500 0.660000 8.1110E-4
$#
r
xd
w
d1
d2
5.000000 99.31000 0.050000 2.5010E-4 3.4920E-7
$#
b
gfc
d
gft
gfs
pwrc
100.00000 9.082000 0.100000 0.090820 0.090820 5.000000
$#
eta0c
nc
etaot
nt
overc
overt
1.7170E-4 0.780000 7.8710E-5 0.480000 30.290001 30.290001

recov

itretrc

nh

ch

lamda2
0.160000

beta2
0.051500

pwrt
1.000000
srate
1.000000

pmod
rep0w
1.000000

B.2 45 MPa (6500 psi) Carbon Fiber Reinforced Concrete (CFRC)
*MAT_CSCM
$#
mid
ro
nplot
incre
irate
erode
159 2.3200E-9
1
0.000
1 1.000000
$#
pred
0.000
$#
g
k
alpha
theta
lamda
beta
13120.000 14370.000 15.870000 0.346700 10.510000 0.019290
$# alpha1
theta1
lamda1
beta1
alpha2
theta2
0.747300 6.7310E-4 0.170000 0.051500 0.660000 8.1110E-4
$#
r
xd
w
d1
d2
5.000000 99.31000 0.050000 2.5010E-4 3.4920E-7
$#
b
gfc
d
gft
gfs
pwrc
100.00000 9.082000 0.100000 11.680000 11.680000 5.000000
$#
eta0c
nc
etaot
nt
overc
overt
1.7170E-4 0.780000 7.8710E-5 0.480000 30.290001 30.290001

recov

itretrc

nh

ch

lamda2
0.160000

beta2
0.051500

pwrt
1.000000
srate
1.000000

pmod
rep0w
1.000000
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B.3 ASTM A615M Grade 420 Reinforcing Steel
*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE
Grade 420 Reinforcing Steel
$#
mid
ro
e
pr
sigy
etan
24 7.8500E-9 2.0000E+5 0.300000 476.00000 2110.0000
$#
c
p
lcss
lcsr
vp
0.000
0.000
0
2
$#
eps1
eps2
eps3
eps4
eps5
eps6
0.000
0.000
0.000
0.000
0.000
0.000
$#
es1
es2
es3
es4
es5
es6
0.000
0.000
0.000
0.000
0.000
0.000
*DEFINE_CURVE_TITLE
Reinforcing steel strain rate curve
$#
lcid
sidr
sfa
sfo
2
0 1.000000 1.000000
$#
a1
o1
0.000
1.0000000
9.9999997e-005
1.0000000
0.0010000
1.0700001
0.0100000
1.1400000
0.1000000
1.2100000
1.0000000
1.2900000
10.0000000
1.3800000
10000.000000
1.3800000

fail
0.120000

tdel

eps7
0.000
es7
0.000

eps8
0.000
es8
0.000

offa

offo

dattyp

sigy
5.870000
vp

etan
0.000

fail
1.500000

tdel

eps5
0.000
es5
0.000

eps6
0.000
es6
0.000

eps7
0.000
es7
0.000

eps8
0.000
es8
0.000

B.4 Polyurea
*MAT_PIECEWISE_LINEAR_PLASTICITY_TITLE
Polyurea
$#
mid
ro
e
pr
1 1.0690E-9 71.099998 0.450000
$#
c
p
lcss
lcsr
0.000
0.000
100
$#
eps1
eps2
eps3
eps4
0.000
0.000
0.000
0.000
$#
es1
es2
es3
es4
0.000
0.000
0.000
0.000

Note: Five polyurea load curves were included for strain rates of 0 (quasistatic), 14, 327,
408, and 573 s-1 based on data from Roland et al. (2007).

Appendix C
Debris Field Mapping
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Barrier K-1 Debris Field
scale: 1”=30’
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Barrier PLY-1 Debris Field
scale: 1”=30’
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Barrier CFRC Debris Field
scale: 1”=30
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Barrier NFRC Debris Field
scale: 1”=30
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Barrier SS-L Debris Field
scale: 1”=30
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Barrier SS-H Debris Field
scale: 1”=30

