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Abstract
During blast events, a structure’s response is partially dependent on the external, cladding
panels, which are directly subjected to extreme pressures resulting from the explosive. Research
has shown that the ability of clad building structures to resist damage greatly depends on the
high-strain rate behavior of the cladding wall and the subsequent load transfer from the panels to
their structural support frames. Cladding panels have the potential to significantly absorb the
blast energy, mitigating loads imparted onto the frame. However, as the panels absorb energy,
high-velocity fragmentation of the cladding can pose a significant threat to bystanders and the
structure itself. Fragmentation is especially prevalent for brittle, granite cladding. To aid in
enhancing energy absorption and limiting fragmentation, many researchers have studied the use
of polyurea as a coating or interlayer system for metal and concrete structural components. Due
to its viscoelastic behavior, polyurea exhibits beneficial mechanical properties at high strain
rates. This study evaluates the effectiveness of applying polyurea coating to granite cladding
panels with the hopes of reducing blast loading effects on buildings, namely the level of
fragmentation and load transfer from the cladding to the support structure. Finite element
analyses of polyurea-coated granite cladding walls were performed in LS-DYNA using
constitutive models for the granite cladding and polyurea. The modeling approach and analysis
method was validated against published blast studies to ensure that reliable results were obtained
in the parametric study, where the blast resistance of granite cladding was computationally
assessed. The blast size, panel and polyurea coating thickness, and coating location were varied
according to construction practice and parameters evaluated in similar studies. The results of the
parametric study show that the polyurea coating was effective in limiting the fragmentation of
the granite cladding with minimal detrimental effect on load transfer into support connections.
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Chapter 1 Introduction
1.1 Background
The rising threat of terrorism has amplified the need to protect civil infrastructure against
blast loading induced by improvised explosive devices (IED’s). According to the U.S.
Department of State, over 11,500 terrorist attacks occurred in 2010, a 5 percent increase from the
previous year (U.S. DOS 2011). Terrorist organizations commonly target critical infrastructure
and key resources with hopes of causing mass casualties, impairing a government’s ability to
maintain order and deliver public services and/or disrupting business activities (U.S. DHS 2003).
When subjected to an explosion, one of the structure’s initial lines of defense is provided
by the exterior cladding panels, which, if properly designed, have the potential to substantially
mitigate loads transmitted to the structural support frame. While cladding panels are able to
absorb much of the blast energy, most of the damage sustained in an explosion is caused by
fragmentation of these panels, which can propel through the air at dangerous velocities
(Davidson et al. 2005). Exterior panels are generally considered as non-structural elements by
structural engineers, meaning “their effect on a building’s structural behavior is ignored during
analysis and design” (Starr and Krauthammer 2005). However, for the design of blast resistant
buildings, the panel’s response to blast loading, or high strain rates that represent the effects of
the blast, can become an essential component that helps to maintain structural integrity.
Research has been carried out examining the role of cladding panels during blast events
(Li et al. 2008; Pan and Watson 1998; Starr and Krauthammer 2005; Wu and Sheikh 2013). The
focus of this research is almost exclusively on concrete panels. However, natural stone, or
granite is another “prominent and desirable building cladding” that demands consideration as a
blast resistant material (Lewis 1995). Natural stones, such as granite and limestone, exhibit
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desirable dynamic properties, principally an increase of strength with increasing loading rate (Li
et al. 1999, Li et al. 2011, Stowe and Ainsworth 1968, Xia et al. 2007, Zhao et al. 1999). Like
concrete, this energy absorption potential could make granite cladding a desired material for
blast resistance while spalling, defined here as the ejection of material from the surface, could be
an undesirable by-product of their use. To date, no research on the blast response of granite
cladding panels is available in open literature.
Some researchers have studied the benefits of applying an elastomer as a coating or
interlayer to plates and panels to mitigate damage from blast loading (Bahei-El-Din et al. 2006,
Davidson et al. 2004, Davidson et al. 2005, Viswanath 2007). The polymer commonly used in
blast resistant research is polyurea, which is formed by the rapid reaction of isocyanates and
amines. As an elastomer, polyurea exhibits viscoelastic behavior that depends strongly on the
strain rate, temperature and pressure (Qiao et al. 2011). Polyurea has been used commercially as
a coating system by many industries for over a decade. More recently, it is being applied as a
“protective coating on buildings, in order to minimize fragmentation of the structure (and
consequent collateral damage to personnel)” and to absorb energy during a bomb explosion
(Roland et al. 2007). This application has motivated numerous computational and experimental
studies on the mechanical response of the material, which exhibits its valuable properties,
namely high stiffness and elongation, under high strain rates (Chen 2009, Qiao et al. 2011,
Roland et al. 2007, Fragiadakis et al. 2010).
Coating granite cladding panels with polyurea could potentially produce a composite
material capable of minimizing the impact and damage caused by explosions. Given this
possibility, the thickness and location of the coating, bond strength and the proportion of total
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energy dissipated by each material in the system will need to be analyzed to maximize
effectiveness.
1.2 Problem Statement
Cladding panels are extremely vulnerable to blast loading and can influence the level of
damage imparted on a building’s structural frame. Studies completed to date have evaluated
concrete cladding panels under blast with and without polyurea but have not evaluated granite
panels, which are commonly used in cladding design.

1.3 Objectives
The objective of this study is to assess the blast resistance of granite cladding panels and
the ability of polyurea coating to reduce fragmentation of the granite material and the subsequent
effect on load transfer.

1.4 Scope and Task List
This study investigated the combined effect of polyurea and granite cladding to resist
blast loading. The effects of non-nuclear, external explosions were considered. The magnitude of
explosive evaluated was based on blast loads used in similar research on cladding walls. Other
methods to improve blast resistance, particularly other types of polymer coatings or cladding
materials, were not evaluated.
The investigation encompassed a number of computational studies. These studies utilized
constitutive models for the granite panels, polyurea coating and steel connections based on
previous research findings in conjunction with experimentally determined material properties.
The cladding panel system was modeled according to U.S. standards for design and construction.
In addition, the panel connections were modeled according to published literature; variations of
3

the cladding connections themselves were not investigated. The blast magnitude, panel thickness,
and polyurea coating thickness and coating location were identified as independent variables.
The variations of panel thickness and the remaining parameters were determined according to
common thicknesses available in the U.S. and values used in similar blast studies, respectively.
Blast resistance was not evaluated for parameters outside of those bounds. Conclusions about
polyurea effectiveness were based on maximum and final displacement, degree of fragmentation,
kinetic energy absorbed by each component and the level of applied axial load transferred to
supports. The following tasks were completed to fulfill the objectives of this research:
1. Literature Review
The purpose of this task was to investigate current literature on the blast
resistance of cladding panels and research that helped establish dynamic properties of
both natural granite and polyurea. Relevant computational models were reviewed to
determine an effective modeling method. This task also identified relevant design
standards for natural granite cladding panels and polyurea coatings.
2. Experimental Testing
Experimental testing was performed to provide properties for the granite material.
Dynamic compression and indirect tensile tests were completed according to testing
standards for granites and published research. The data was reduced and analyzed to
develop the material properties that were used to define the granite’s constitutive model.
3. Computational Modeling
Finite element models of non-coated and polyurea-coated granite cladding walls
were created and subjected to blast loads in LS-DYNA. The model’s construction was
based on commonly used cladding dimensions and information from relevant
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computational studies on the blast response of cladding panels. Variables for a planned
parametric study were defined based on the parameters of interest found during the
literature review. The range for each parameter was defined as well. The model
parameters included:


Cladding panel thickness,



Variations in polyurea thickness and location relative to the blast, and



Blast scaled distance.

4. Model Validation
To validate the computational models, granite cladding panels were modeled and
compared to published research using a two-phase process. For the first phase, a study on
the transfer of loads into panel supports during blast loading by Pan et al. (2001) was
used to quantitatively and qualitatively validate the material model and load transfer into
connections through comparison of deflection and force time-histories. The second
validation phase referenced a combination of experimental and computational data from a
study by Davidson et al. (2004, 2005) on polyurea-coated, concrete masonry walls, where
the influence of polyurea thickness on blast resistance was investigated. This study was
used to qualitatively validate the global behavior of the model through comparison of
post-blast conditions. A quantitative validation of the strain rates in the polyurea coating
was completed in this phase as well.
5. Polyurea-Coated Cladding Panel Computational Study
Once the modeling approach was validated, the models were subjected to
simulated blast loads that represent explosives at two scaled distances. The analyses’
output was then compiled and organized. Parameters evaluated when assessing the
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coating’s effectiveness for preventing fragmentation and evaluating load transfer
included:


Time-history curves, namely,
o Displacement-time histories,
o Kinetic energy-time histories, and
o Force-time histories; and



Final deformed shapes after the blast event.

The time-history curves were used to ascertain the peak, or maximum response, with the
exception of displacements, as the final displacement was also evaluated. The deformed
shapes were observed post-blast event.
6. Computational Results and Comparison
After organizing the output data from LS-DYNA, the results were evaluated to
assess granite cladding behavior and assess the effectiveness of applying the polyurea
coating to the cladding. The maximum and final displacements of the panel, the load
transfer between the cladding panel and structural framing, the degree of deformation and
kinetic energy absorption were key evaluation parameters when coating effectiveness was
examined.
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Chapter 2 Literature Review
2.1 Overview
This review focuses on current literature on topics related to the blast response of
polyurea-coated cladding panels. The first section presents research on blast load parameters and
structural response characteristics. The following sections investigate the two major components
of the cladding panels to be studied. First the common design practices for granite cladding
systems and the behavior of granite material subjected to high stain rates is reviewed. Then the
high-stain rate behavior of polyurea along with its applications in relevant studies is presented.
This section also presents findings related to the bond strength between polyurea and rock. The
final section discusses results and findings that relate to computational models developed to
evaluate uncoated and polyurea-coated cladding panels and panel connections under blast
loading.

2.2 Blast
2.2.1 Explosives
An explosion is the rapid release of energy that produces transient air pressure waves,
commonly referred to as blast waves. The nearly instantaneous rise in pressure produces a wave
front that travels out spherically from the source and quickly decays, leading to a negative phase
where a partial vacuum is created. The explosive device’s magnitude, or explosive charge
weight, is typically expressed in terms of an equivalent weight of trinitrotoluene (TNT).
Explosives used in terrorist attacks, commonly referred to as improvised explosive devices
(IED’s), are typically made from low-cost ingredients, such as TNT or nitroglycerine mixed with
low-cost nitrates (Bangash and Bangash 2006). IED’s can range in magnitude from 2.3 kg (5 lbs)
carried by a pipe bomb, or similar small, explosive device to 4500 kg (10,000 lbs) of TNT
7

carried by a large scale truck (FEMA 2003). Examples of the use of IED’s in recent attacks in
the U.S. include: a truck bomb in the Oklahoma City Bombing in 1995; a nail-laden pipe bomb
in the Centennial Olympic Park bombing during the 1996 Olympics; and most recently, the pipe
bombs used in the Boston Marathon bombing on April 15, 2013 (Eligon and Cooper 2013) . The
TNT equivalence of “terrorist-manufactured explosive material is difficult to define precisely
because of the variability of its formulation and the quality of the control used in its
manufacture” (Mays and Smith 1995). According to Bangash and Bangash (2006), a bomb used
for civilian targets seldom exceeds 500-2000 lb of TNT.
2.2.2 Blast Loading
Blasts are characterized by short duration, extreme pressures. The load time-history is
governed by two phases defined relative to ambient air pressure: the overpressure (positive)
phase and the under-pressure (negative) phase. An idealized pressure-time history of an air blast
is shown in Figure 2-1:
P(t)

Pso
Positive Specific
Impulse
Negative Specific
Impulse

Po
Pso-

t

tA

Positive
duration td

Negative
duration td-

Figure 2-1 General blast pressure time history
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As illustrated in the figure, the near instantaneous rise above atmospheric pressure
rapidly decays below ambient air pressure, transitioning to a negative phase, which is longer in
duration. Although it is less intense, the negative phase creates significant drag pressure on
nearby surfaces and produces high-velocity projectiles of debris which can cause further damage
(Mays and Smith 1995). When the incident waves meet a building’s surface, the ground and/or
other physical barriers, the peak overpressure is amplified by a reflection factor of up to thirteen
(FEMA 2003, Ngo et al. 2007). These waves continue to propagate around the corners of the
building until the entire building is covered by the overpressure (Bangash and Bangash 2006).
An air blast is separated into three categories: a free air blast; ground reflection; and a
surface air blast (Blanc et al. 2005). A free air blast occurs when the incident waves reach the
surface of the building before being reinforced by other surfaces. Ground reflection accounts for
the magnifying effect of reflection on the incident wave. A surface blast occurs when a charge is
detonated on or close to the ground and, in this case, the incident and ground-reflected waves
interact.
Due to its spontaneous nature, it is difficult to accurately predict the effects of a bomb
explosion on a particular building. The major parameters that define blast loading on a structure
include:
1. Magnitude of the explosion in TNT equivalence;
2. The stand-off distance between the explosive and the structure;
3. The geometry of the building and nearby obstructions; and
4. The structure’s orientation relative to the explosive and the ground.
The Hopkinson-Cranz scaling law, or cube-root scaling law, is used in blast loading
analysis and design to define blast magnitude. The scaling law expresses the proportional
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relationship between peak pressure (P) and the charge weight (W) and stand-off distance (R) as
shown in Equation 2-1. This relationship leads to the scaled distance parameter Z, shown in
Equation 2-2, which is commonly used to characterize blast loads.

∝

2-1
2-2

As a result of the two-phase pressure-time history, blast loading is commonly evaluated
in two domains: “(1) loading due to the impinging shock front, its reflections, and the greatly
increased hydrostatic pressure behind the front, all commonly denoted as overpressure; and (2)
the dynamic pressures due to the particle velocity, or mass transfer, of the air” (Mays and Smith
1995).
2.2.3 Building Response
An explosion near a building can damage or destroy the structural framework, collapse
walls, blow out windows and shut down critical safety systems. Since blast loads are
characterized as transient loadings, the natural period and ductility level of a structure are
essential to its response. The ratio of the positive phase duration to the natural period of the
structure determines whether impulsive, quasi-static or dynamic responses govern the behavior
of the structure during a blast event (Pan and Watson 1998).
When the positive phase is longer than the natural period of the building, the loading is
classified as quasi-static. The blast’s peak overpressure and structure’s stiffness dominate the
displacement, which reaches its maximum value before the blast load has significantly decayed.
If the positive phase is shorter than the natural period, the structural response is classified as
impulsive and the total impulse dominates structural response (Pan and Watson 1998). The
structure’s mass is most influential in this loading range because it can prevent mobilization of
10

the structure during the relatively short loading (FEMA 2003). In the event that the natural
period is close to the duration of the positive phase, the response is dynamic and depends on both
the peak overpressure and impulse. In this loading range, a transient dynamic analysis is essential
to predict forces and displacements due to inertial forces and internal damping. As a result, the
response becomes much more complex, requiring a complete analysis of the equations of
motion.
The typical failure modes of building components associated with blast loading are
flexure and shear. Direct dynamic shear is the most significant shear failure mode in blast
loading events (Ngo et al. 2007). It is created by short duration loads and depends mainly on the
intensity of the pressure waves. Local shear failure is characterized by punching and spalling of
exposed material near the source of the explosion, resulting in fragmentation and debris (Ngo et
al. 2007). Global failure can also be described by flexural failure of columns, girders and other
structural framing members. A secondary, but potentially critical effect occurs when the blast
penetrates the window and door openings, propagating throughout the building. The uplift
pressures from these penetrating waves may overcome the gravity loads, eliminating the flooring
system’s ability to transfer lateral loads between frames, resulting in progressive collapse
(FEMA 2003).
Cladding-structure interaction is an important factor when characterizing structural
framing behavior. Under blast loading, external forces are transferred to the structural frame by
the building’s cladding connections, which can be the weakest link in the load path. It is often
assumed that the entire load is transferred from the external panel to the structural framing.
However, a portion of the force is dissipated by the panel itself, particularly through material
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fragmentation (Starr and Krauthammer 2005). The level of this force dissipation varies due to the
characteristics of the loading and the cladding material.
Since the natural period dictates the structural response, a change in panel stiffness may
result in a change in the load duration ratio, shifting response from the impulsive or the quasistatic loading range into the dynamic loading range. Under any loading range, increasing
cladding panel thickness reduces the deflections. This effect is more pronounced in the quasistatic range. However, increasing the thickness and, in turn, the stiffness in the impulsive loading
range produces higher shear forces in the connections, as observed by Pan and Watson (1998). In
this study, the dependence of connection forces on panel stiffness was evaluated computationally
using LS–DYNA, a commercially available finite element analysis program. Pan and Watson
(1998) also developed theoretical predictions for panel deflections as an effect of the panel’s
stiffness and material properties. Both the computational and theoretical predictions from this
study agreed well with experimental test results.
In a similar study, Pan et al. (2001) evaluated the time-history curves for each force
component (axial force, bending moment and shear force) transferred to the connections of a
square, concrete panel under varied levels of impulsive blast loading. The panel and out-of-plane
connections, placed at the four corners, were modeled using LS–DYNA and validated against
experimental impact tests. The study concluded that all force components in the connection
increased with increasing impulse in the elastic range. However, once plastic deformation
occurred, the forces varied only slightly with increased levels of blast impulse.
2.2.4 Design of Blast-Resistant Structures
Design procedures for blast-resistant, or hardened structures, have been developed mostly
by military and defense organizations. The developments in these fields are being transferred to
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the civilian sector as terrorist threats lead to increased concerns for general public safety.
According to Mays and Smith (1995), engineers should use limit state design techniques,
specifically the ultimate limit state (ULS) for collapse and the serviceability limit state (SLS) for
functionality after a blast event. Typically, ULS is used since the elements are not expected to
withstand more loading. Post-blast serviceability would require sufficient ductility to dissipate
the blast energy and contain structural deflections within prescribed limits.
The current standard code for blast resistant structures is Unified Facilities Criteria (UFC)
3-340-02, Structures to Resist the Effects of Accidental Explosions, published by the Department
of Defense (DoD). The manual defines design loads, member strengths and methods for blast
design. The design procedure begins with establishing the design loads due to charge weight,
distance and orientation of the explosive relative to the structure. When defining the bomb’s
characteristics, key parameters for the loading are determined; specifically the peak incident and
reflected pressures, impulse, wave velocity and time duration. For static loads due to imposed
and wind loading, a factor of 0.33 is suggested since the magnitude of these loads are likely to be
only a portion of their design values during a blast event (Mays and Smith 1995).
The resistance of the structural members is then determined. Under rapidly applied loads,
strain rate increases and may influence the mechanical properties of structural materials. The
factor by which the static stress is enhanced to approximate the dynamic stress is known as the
dynamic increase factor (DIF). The DIF is used in design to more accurately define material
strengths. The flexural and shear design procedures are well established within UFC 340 for
structural steel, reinforced concrete and concrete masonry. Although these design specifications
are not directly relevant to granite cladding, they may be referenced for preliminary design and
analysis, as no design standard includes specifications for granite panels under blast loads. It is
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presumed that deflection limits for granite will better relate to those for concrete due to its brittle
nature. Generally, deformation in a concrete element is expressed in terms of support rotation.

2.3 Stone Cladding
2.3.1 Cladding Systems
Early applications of stone for construction utilized large blocks to provide structural
support. With “the advent of skeleton frame construction in the late 1800’s, the use of thick,
stone, load bearing walls as main structural elements gave way to thinner, non load-bearing,
architectural stone walls” (Chin, 2000). These non-structural, stone walls became an exterior,
architectural component (i.e. cladding), that is supported by the structural framing. Over time,
the thickness of these exterior, cladding panels has decreased and it is currently as thin as 1.5
mm (1/16”). In addition to become thinner, today’s cladding panels are designed to span larger
distances (Sims 1991). This evolution has reduced their stability, strength and stiffness, which
may not be significant for common loads but could be important factors with respect to blast
resistance.
Performance requirements for exterior cladding walls include structural performance,
environmental separation, fire performance and material durability (Scheffler 2010). Yet design
is often empirically based on aesthetics and not on rational, engineering concepts. At most,
flexural response to design loads is considered, including wind loads, seismic loads (if
applicable) and the cladding weight. However, blast loads are typically not considered in design.
Furthermore, the actual causes of failure are neglected, which can include connection failure and
a time-dependent reduction in strength due to material weathering (Chin 2000).
Codes are available that include recommendations for the selection, installation and
maintenance of stone cladding, however they contain little guidance with respect to the quality
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of the stone materials themselves (Sims 1991). In the U.S., the design of stone cladding is based
on American Standards for Testing of Materials Standard Guide for Selection, Design and
Installation of Dimension Stone Attachment Systems, ASTM C1242-12 (2012). The guide is an
industry standard for material selection, anchor type, fabrication and installation considerations.
However, it does not provide criteria for panel dimensions, which are based more on existing
standards of practice.
ASTM also provides specifications for common types of stone used in cladding panels:
granite, limestone and marble. However, actual stone quality should be tested since the
material’s natural inhomogeneity can result in inconsistencies when compared against published
properties (Gere 1988). Macroscopic inspection is traditionally the principal means of assessing
the quality of stone materials. This visual inspection focuses on stone type, grain size and
orientation, and initial defects and can often suffice as preliminary selection criteria. Further
testing is important for establishing the physical properties of a stone material, including its
water absorption, modulus of rupture and flexural strength (Gere 1988).
Since granite is a typical stone cladding material and was used in a companion research
effort, it was used as the cladding material for this study (Scheffler 2010). The remaining
discussion of stone cladding and material properties focuses on granite.
2.3.2 Granite Dynamic Properties
Granite is a geological material. Its properties vary according to type, which makes
material testing and analysis complex. When rock is subjected to dynamic loading, stress waves
propagate through the medium. Due to its brittle nature, wave propagation causes fracture and
fragmentation. Since rock is an inhomogeneous material, it contains initial defects, such as grain
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boundaries, micro-cracks and pores. When loaded, these defects create stress concentrations
and/or stress redistribution in the rock medium.
Strengths are generally enhanced at high strain rates, which are in the range of 102 – 104
s-1 for blast loads (Ngo et al. 2007). The International Society of Rock Mechanics (ISRM)
provides rock testing methods and standards. However, ISRM does not suggest methods for
evaluating dynamic strength. As a result, it can be difficult to accurately determine dynamic
mechanical properties since testing methods vary. Current advances in dynamic testing
procedures, particularly the split-Hopkinson pressure bar (SHPB) apparatus, are leading to better
evaluation of the dynamic response of brittle materials like rock (Xia et al. 2007). The SHPB
apparatus is composed of a series of three bars: a striker bar, an incident bar and a transmission
bar as seen in Figure 2-2. During testing, a relatively small cylindrical sample is impacted by the
incident bar, creating a compressive wave through the sample. A portion of this wave is
transmitted through the sample into the transmission bar and another portion is reflected back
onto the incident bar. Throughout the test, strains are recorded in the incident and transmission
bars. The resulting measure of wave propagation and strain allows dynamic strength properties
and brittle material behavior to be defined.

Figure 2-2 SPHB apparatus
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Many researchers have evaluated the effects of loading rate on the mechanical behavior
of rock, proving that compressive, tensile and shear strengths increase as loading rate, and, in
turn, strain rate, increases (Li et al. 1999, Li et al. 2011, Stowe and Ainsworth 1968, Xia et al.
2007, Zhao et al. 1999). Zhao (1999) found that the dynamic uniaxial compressive strength
increased by an average of 15% for granite when the loading rate was increased from 100 to 105
MPa/s (1.45*10-1 to 1.45*104 ksi/s), as seen in Figure 2-3. Zhao and Li (2000) evaluated the
tensile strength under loading rates ranging from 10-1 to 104 MPa/s (1.45*10-2 to 1.45*103 ksi/s)
using a 3-point flexural test and the Brazil test, an uniaxial tensile strength test using disc-shaped
rock samples loaded diametrically (Zhao and Li 2000). It was observed that when the loading
rate increases by one order of magnitude, the tensile strengths of the granite increase by nearly
10% (Figure 2-4). These results are representative of those observed by other researchers.

Figure 2-3 Variation of uniaxial compressive strength with loading rate (Zhao et al. 1999)
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Figure 2-4 Flexural tensile strength of granite (Zhao and Li 2000)
Zhao (2000) studied the applicability of the Mohr-Coulomb and Hoek-Brown criteria to
represent shear strength characteristics of rock material under dynamic loading. The MohrCoulomb criterion suggests that “the shear strength of a rock material is made up of two parts – a
constant cohesion and a friction varying with normal stress” (Zhao 2000). The study compared
this criterion to experimental results from dynamic, punching shear tests on granite and
suggested that change in strength is primarily due to the change in cohesion, while the internal
friction angle remains relatively unaffected at different loading rates. The resulting relationship
between shear strength and loading rate is illustrated in Figure 2-5.
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Figure 2-5 Change in unconfined shear strength with loading rate (Zhao 2000)
The study also found that the Hoek-Brown criterion, an empirical, practical strength
approach, developed primarily from test data, accurately described the dynamic compressive
strength of rock. This criterion is shown in Equation 2-3 where dynamic triaxial compressive
strength can be estimated by obtaining the parameter (m) using quasi-static tests since this
parameter is independent of loading rate. The dynamic uniaxial compressive strength (

) and

the material parameter (A) are based on dynamic uniaxial compression tests (Zhao 2000). The
dynamic uniaxial compressive strength (

), defined by Equation 2-4, is related to the quasi-

static compressive strength ( ) by a semi-log relationship between the dynamic loading rate
(

) and quasi-static loading rate ( ). As shown in Figure 2-6, experimental testing of one type

of granite, Bukit Timah, supports the Hoek-Brown strength criterion for higher loading rates.

.

.

2-3
2-4
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Figure 2-6 Validation of the Hoek-brown peak strength criterion (Zhao 2000)
Studies have provided numerical relationships, based on experimental and empirical data,
to relate granite dynamic and static strengths (Masuda et al. 1987, Zhao 1999, Zhao 2000). A
dynamic increase factor (DIF), the ratio of dynamic stress to static stress, is often used to relate
material strengths at high loading rates. This ratio is dependent on strain rate, as shown in
Equation 2-4. Another similar, semi-log based relationship, with the strain rate (ε ) and a
constant for the rock material (C), is presented in Equation 2-5 (Masuda et al. 1987).
2-5
Many of these studies also evaluated the Young's moduli and Poisson's ratios of granite
materials as loading rate is increased. In experimental studies by Li at al. (1999), Stowe and
Ainsworth (1968), Zhao et al. (1999), and Zhao & Li (2000), the Young’s modulus slightly
decreased and Poisson’s ratio slightly increased in both compression and tension with higher
loading rates. However, the results were too scattered to be considered conclusive. As a result,
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changes in Young’s modulus and Poisson’s ratio are typically considered to be negligible as a
function of strain or loading rate.
To better understand and predict the response of rock under dynamic loads, several
researchers have attempted to identify mechanisms that cause the strain-rate dependent response.
Grady and Kipp (1980) proposed a dynamic fracturing model for brittle materials to explain the
rate dependence of rock strengths. The study indicated that growth of a critical crack or flaw is
responsible for failure at static loads. At higher loading rates, a single crack is not sufficient to
relieve the increasing stress. Additional cracks must participate, leading to failure at higher
strengths. Therefore, the maximum dynamic stress is not very sensitive to initial microcrack
orientation (Xia et al. 2007). Zhao (2011) proposed that brittle material fails with more fractures
and fragments that are smaller in size at high loading rates. The generation of more fractures
leads to more energy consumption, hence higher loads and higher strengths. The increased
fracturing of rock is the key mechanism for the dissipation of energy produced from an
explosive. If the material remains intact, the dissipated energy is used to create new cracks.
Conversely, if the material is fragmented then part of the dissipated energy is converted to
kinetic energy carried by the fragments (Xia et al. 2007).

2.4 Polyurea
2.4.1 Dynamic Properties
Polyurea is a type of elastomer formed by the rapid reaction of isocyanates and amines. It
is a segmented block copolymer where the non-homogenous microstructure consists of a hard
domain and a soft domain. The hard domain segment, which is composed of the crystallinestructured isocyanate, is embedded in the continuous soft segment matrix of flexible chains
(Fragiadakis 2010). The extensive intermolecular hydrogen bonding of the hard domain typically
21

leads to mechanical toughness, meaning high stiffness and extensive elongation (Roland et al.
2007). By chemically tailoring the stoichiometry, or the hard to soft domain ratio, polyurea
offers a wide range of mechanical properties, from acting like a soft rubber to behaving like a
hard, brittle plastic (Qiao et al. 2011).
Polyurea exhibits both viscous and elastic deformation properties. Due to this viscoelastic
behavior, the mechanical properties that govern its response to different loading rates are highly
dependent on strain rate, temperature and pressure. It is very difficult to characterize the material
response of polymers subjected to the high strain rates experienced during blast loading. Similar
to granite mechanical testing, the most common technique for measuring high strain rate
behavior is the split Hopkinson bar (SHPB) apparatus, which can measure large strains (>300%
in compression) at high rates (104 s-1) (Roland et al. 2007).
Many researchers have investigated the high-strain behavior of polyurea (Fragiadakis
2010, Qiao et al. 2011, Roland et al. 2007, Shime and Mohr, 2009, Yi et al. 2006). Yi et al.
(2006) experimentally studied the stress–strain behavior of polyurea in uniaxial compression
over a range of high strain rates from 103 s1 to 104 s1 using SHPB tests. Figure 2-7 indicates the
increased ultimate stress with increased strain rate observed in this study. Additionally, Yi et al.
(2006) observed that the behavior of polyurea transformed from a rubbery-like material at low
strain rate to a glassy-like material at high strain rate. The transition to the glassy state is an
important contribution to the coatings’ effectiveness (Fragiadakis 2010). As shown in Figure 2-8,
failure stress increased and failure strain decreased with strain rate for uniaxial tensile
experimental tests (Roland et al. 2007). The results of these and similar studies suggest that the
behavior of polyurea is less rate-dependent in tension than in compression (Chen 2009).
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Figure 2-7 Compressive stress vs. strain at varying strain rates (Yi et al. 2006)

Figure 2-8 Tensile stress vs. strain for varying strain rates (Roland et al. 2007)
As mentioned earlier, stoichiometry is an important parameter in determining the material
properties of polyurea. In experimental studies, Fragiadakis (2010) observed that when the
stoichiometry, expressed as the molar ratio of diamine (soft segment) to isocyanate (hard
segment), was altered by only 5-10%, the mechanical properties changed significantly. The yield
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stress varied inversely with stoichiometry, while the failure strain increased with increasing
curative as illustrated in Figure 2-9. Despite the differences in stresses and strains, the toughness
was essentially constant. The increase in stiffness compensated for the decreasing elongation to
failure (Fragiadakis 2010, Roland 2006). For this reason, it is believed that high strain responses
are not entirely dependent on stoichiometry. Generally, the effect of stoichiometry on the
mechanical response of polyurea is a complex interaction between crosslinking, hydrogen-bond
formation, and level of phase separation of the hard and soft domains (Roland 2006).

Figure 2-9 Stress vs. strain with varying stoichiometry (Fragiadakis 2010)
The ability to optimize material properties, along with its rapid polymerization, fire
abrasion, and corrosion resistance, makes polyurea an attractive coating for numerous industries,
such as transportation vehicles, pipelines, steel buildings and marine construction (Shime and
Mohr, 2009). More recently, polyurea is being applied to structures and military vehicles to
minimize damage, particularly fragmentation from gunfire and explosives (Bahei-El-Din et al.
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2006, Chen 2009, Davidson et al. 2004, Davidson et al. 2005, Roland et at. 2006, Viswanath
2007).
Davidson et al. (2004, 2005) experimentally and computationally evaluated polyureacoated, concrete masonry unit (CMU) walls. The main objective of the study was to assess the
benefits of polyurea as a spray-on, retrofit material. The polyurea was sprayed onto the inside
face of the wall, away from the explosive source, with thicknesses ranging from 3.2 mm to 9.5
mm (1/8” to 3/8”). An additional case was tested in which polyurea was applied on both sides of
the wall. The major conclusion of this study was that the polyurea aided the walls by absorbing
energy and containing the fragments of the CMU blocks. The study also concluded that the
application of polyurea on both sides of the wall did not justify additional cost. In a similar
computational study, Chen (2009) applied polyurea at greater thicknesses, 6.35 mm to 25.40 mm
(¼” to 1”), to the inside face of steel panels. The observations from this study also validate
polyurea as an energy-absorbing material that can mitigate blast loads. Chen (2009) also
evaluated an additional test case with polyurea on both sides and observed only a slight influence
on blast resistance.
Polyurea thicknesses evaluated for the two studies varied as a result of differing
placement methods. As mentioned above, the study by Davidson et al. (2004, 2005) focused on
the spray-on method, which is more appropriate for retrofitting but has limitations on thickness.
Chen (2009), however, applied the polyurea by using a pour-on compound and brushing it over
the surface of the plate, permitting greater thicknesses. It should be noted that both methods can
result in inconsistent coating thicknesses.
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2.4.2 Bond Strength
The cohesion between polyurea and a natural granite surface, or lack thereof, could lead
to bond issues and create additional failure mechanisms, such as interfacial fracture due to
tension and shear stress. For instance, delamination between polyurea and a concrete slab was
observed and shown to influence the global behavior in a blast study by Viswanath (2007). In
locations where delamination occurred, the polyurea coating deformed more significantly but
remained intact. The application of polyurea to granite has not been directly studied. However,
there are relevant studies that have evaluated bond strength between polyurea and a different
substrate or natural stone and a different polymer. Davidson et al. (2005) performed flexural
bond strength tests on polyurea-coated concrete masonry prisms and observed excellent bond
behavior. Additionally, Yilmaz (2011) developed a testing procedure to determine the shearbond strength of various thin spray-on/support liners (TSLs) on rock substrate for use as a
sealant or mesh support system in underground mining. In the study, cement-polymer based and
polyurethane based TSLs were applied to cylinder samples of norite, an intrusive igneous rock.
As seen in Figure 2-10, the TSL material was poured and cured between the rock core and steel
ring. This embedded specimen was supported atop another steel ring with an inner diameter
equal to the core’s outer diameter.
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Figure 2-10 Shear-bond test setup (Yilmaz 2011)
When loaded compressively, the rock core moved into the void of the support ring,
creating pure shear stress between the TSL material and rock substrate. The shear strength was
then calculated using Equation 2-6, with the core-TSL contact area (A) and the peak applied
force (F), or shear bond strength. Yilmaz (2011) observed shear strengths ranging from 0.91 to
8.07 MPa after a 28-day cure. The TSL type that corresponds to these results is not published to
maintain confidentiality for the TSL manufacturers. However, it was concluded that although
they varied in behavior depending on manufacturer, polyurethane-based (a polymer similar to
polyurea) TSLs exhibited the highest shear strengths.
2-6
Yilmaz (2010) also evaluated the tensile-bond strength of the same TSLs using a steel
dolly epoxied to a TSL-coated rock core. The rock core rests on a steel bridging plate, with the
load applied directly to the steel dolly, placing a tensile force on the bonded surface. This test
setup and assembly are illustrated in Figure 2-11 and Figure 2-12. The same rock type (norite)
was used is this test. The resulting tensile strengths ranged from 0.60 – 8.13 MPa (87.02 –
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1179.16 psi). Again it is noted that the polyurethane-based TSLs exhibited generally higher bond
strengths when compared against cementitious or polymer based TSLs.

Figure 2-11 Specimen configuration (Yilmaz 2011)

Figure 2-12 Tensile bond strength test assembly (Yilmaz 2011)
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Chen (2009) experimentally and computationally studied the bond strength, or interfacial
fracture, between polyurea and steel using double cantilever beam (DCB) and end notched
flexure (ENF) tests. DCB specimens were tested following ASTM D3433 (1999), a method that
evaluates the mode I (tension) fracture energy between adhesives and metal. The fracture energy
was calculated using Equation 2-7 with the appropriate beam width (b), beam thickness (h), peak
load (P) and corresponding crack length (a). Ignoring shear deformation, the average fracture
energy ranged from 159.2 N/m (0.91 lb/in) to 324.9 N/m (1.85 lb/in).
2-7
Chen (2009) studied the mode II (shear) fracture toughness of polyurea-bonded steel by
examining the shear failure of ENF specimens under three point bending as seen in Figure 2-13.
The shear stress was determined using Equation 2-8 with maximum shear force (V), first moment
of inertia (I) and cross-section width (b). The maximum applied load was taken at the point
where softening behavior was initiated. With a shear peak load of 2 kN (449.6 lbs), the
maximum shear was found to be 4.65 MPa (675 psi).

Figure 2-13 ENF test setup (Chen 2009)

2-8

29

Since plasticity and softening caused non-elastic material behavior during testing, known
expressions for shear fracture energy were not applicable. Therefore, Chen (2009) determined
the mode II fracture energy (GIIC) by correlating simulations of the ENF tests in LS–DYNA to
experimental force-displacement plots. The fracture energy was adjusted through a trial and error
process until the computational and experimental results agreed, leading to a value of 4375 N/m
(25 lb/in). Although these tests were performed using a different substrate material, similar
principles may be applied to polyurea-rock bond behavior.
Chen (2009) evaluated the significance of incorporating bond strengths when modeling
the blast response of polyurea-coated steel panels. In the study, the steel plate and polyurea
coating were originally assumed to be perfectly bonded. In the FE model, the elements
representing each material were assigned the same nodes to simulate this perfect bond. To
examine the impact of the bond strengths discussed above, the model was then modified to
include a cohesive material model at the interface. Chen (2009) observed that once debonding
occurred, the polyurea deformed more than in the perfect bonded model and concluded that the
bond strength can affect behavior under blast loading. Once the bond capacity is reached the two
materials behave independently as shown in Figure 2-14.
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Figure 2-14 Center deflections for perfectly-bonded and cohesive zone models (Chen 2009)
Davidson et al. (2005) also considered the bond strength of polyurea with the concrete
substrate in the study on the blast resistance of CMU walls. Instead of creating a cohesive
material model, like that used by Chen (2009), Davidson et al. (2005) “tied” the polyurea to the
blocks using contact interface capabilities in LS–DYNA, referred to as tiebreaks. This contact
type ties the defined surfaces and is broken once failure, which is defined using Equation 2-9, is
reached (LSTC 2012). The failure criterion is based on a summation of the squared contributions
of the normal stress (

) and the shear stress ( ) to the normal failure stress (NFLS), and the

shear failure stress (SFLS), respectively.
|

|

|
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2.5 Finite Element Modeling
2.5.1 Blast Simulation
Numerous studies on the properties of air blasts in relation to structural response have
been undertaken. Based on observations by Zukas and Walters (1998), the negative pressure
phase is not considered critical to damage of structural components. As a result, only the positive
phase is simulated to simplify the analysis. This phase is commonly modeled using the
Friedlander formulation (Le Blanc et al. 2005) as shown in Equation 2-10. The incident wave is
characterized by the peak overpressure (Pso), the positive phase duration (to) and the parameter
controlling the rate of wave amplitude decay (β).
∗

∗
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In an attempt to simplify the approximation of blast pressure, Brode (1955) developed
estimations of peak overpressure due to a spherical blast based purely on scaled distance. These
simplified estimations are shown in Equations 2-11 and 2-12 for pressures below or above 10
bar, respectively.
.

.

.
.

.
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The abovementioned blast pressure estimations have been integrated into finite element
analysis software to simulate structural response under blast loading using programs such as
BlastX and LS-DYNA. Since BlastX is licensed by the DoD and unavailable to the general
public, this review will focus on LS-DYNA. The original blast loading function available in LSDYNA explicitly applies the peak estimations introduced by Brode, requiring only charge weight
(TNT) and coordinates of the explosive’s origin (LSTC 2012). While the model’s input is
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simplistic, it does not consider the incident angle of the blast waves, which significantly affect
structural response.
Randers-Pehrson and Bannister (1997) developed a blast load model in
DYNA2D/DYNA3D that does account for the angle of incidence. This loading model
incorporated a blast load function code, known as CONWEP, with the preexisting blast-loading
capabilities of DYNA. This program uses an empirical blast model developed by Kingery and
Bulmash (Rander-Pehrson and Bannister 1997) to model the pressure time-history on a structural
component for given blast parameters. The CONWEP functions account for the angle of
incidence by combining the reflected and incident pressures (P) as shown in Equation 2-13. The
model also incorporates Friedlander’s equation and scaled distance effects. Randers-Pehrson and
Bannister (1997) validated the model against experimental results of land mine blasts on the
floor of a vehicle. The study concluded that the loading model could apply blast loads onto
structures without running CONWEP explicitly.
∗

∗
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Ngo et al. (2007) suggests using coupled analysis models to link blast simulation and
structural response (i.e. the fluid-structure interaction). In a coupled analysis, the blast pressures
are modified as the structure responds non-rigidly. Recently, blast modeling has been expanded
to incorporate this interaction and the resulting reflected pressures (Le Blanc et al. 2005).
However, this approach, which utilizes Lagrangian-Eulerian coupling, requires significant
computer resources. To more efficiently account for this interaction, the load function within LSDYNA has been modified to include the effects of reflected pressures from rigid surfaces, such
as the ground, as a mach front (LSTC 2012). The mach front occurs because the initial pressure
heats and compresses the air behind the wave allowing the reflected wave to propagate faster.
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For explosions on or near the ground, the reflections caused by the ground are likely to be
significant.
2.5.2 Constitutive Models
Due to the availability and reported reliability of simulating blast loading within LSDYNA, the following review on material constitutive modeling will focus on finite element
models created and validated using embedded constitutive models. The presented findings focus
on material models that have been subjected specifically to blast or impact loading.
2.5.2.1 Granite
The constitutive models for geomaterials (rock and soil) are based on similar plasticity
theories to those used to model most metals. The behavior of geomaterials differs from that of
metal in three key ways. These materials have:
1. High compressive strengths;
2. Low tensile strengths; and,
3. Internal friction coefficients that affect the yield strength.
The bilinear elastoplastic and the geologic cap are two constitutive models commonly used in
LS-DYNA for FE analysis of brittle rock (Schwer and Murray 2002, Wang et al. 2007). Wang et
al. (2007) applied the Taylor Chen-Kuszmaul (TCK) continuum damage model to better
replicate the fragmentation caused by dynamic fracture of rock in tension. The TCK model has
been studied and validated as a user-defined material model in LS-DYNA for concrete and rock
under high strain rate events (Huang et al. 2005, Wang et al. 2007). Davidson et al. (2005) found
that a crushable foam model best correlated to fracturing observed during explosive testing of
concrete masonry units. These constitutive models and their relevant applications are described
in this section.
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The geological cap model, or LS-Dyna Material Type 25, is formulated in terms of the
invariants of the stress tensor. The cap model produces a failure envelope contained in “
space.” The first invariant of the stress ( ) is the trace of the stress tensor. The square root of
the second invariant of the deviatoric stress tensor (

) is based on deviatoric stresses. The

“cap” is defined by a failure envelope surface and a tension cutoff surface. Schwer and Murray
(2002) updated the geological cap model in LS-DYNA to better define damage accumulation
and incorporated strain-rate effects, which are essential under blast loading. Consequently,
extensive laboratory data is required for model calibration. Additionally, there is a lack of
literature supporting or validating this model against experimental data.
The elastic-plastic model, or Material Type 3, is used for modeling brittle materials
undergoing large amounts of strain. The plastic behavior can be defined by assigning stressstrain curves. If the effective true plastic strain and effective true stress curves are unknown, the
plastic behavior is defined from the yield stress and the tangent modulus from Equation 2-14.
The yield strength is based on isotropic hardening, expressed by the plastic hardening modulus
(

), which is calculated in terms of Young’s modulus ( ) and the tangent or hardening modulus

( ) as shown in Equation 2-15. The effect of strain rate is accounted for using the DIF which
scales the yield stress according to strain rate (ε), the strain rate parameter ( ) and a material
paremeter ( ). Kinematic and isotropic hardening, or a combination, is specified by varying β`
between 0 and 1, respectively (LSTC 2012).
2-14
2-15
The TCK model is based on the concept that continual growth of microcracks during
tensile stressing disables portions of the rock and influences its ability to carry load due to
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degradation of material stiffness (Taylor et al. 1986, Wang et al. 2007). The effective bulk
modulus ( ) is defined as a reduction in the bulk modulus ( ) according to a damage scalar ( ),
which is related to Poisson’s ratio of the damaged material ( ̅ ) and the crack density (

)

resulting in an effective:
2-16
2-17
This crack density parameter is proportional to the number of cracks per unit volume determined
from studies by Grady and Kipp (1980), where statistical distribution relates flaws per unit
volume at a specified pressure to fracture toughness.
Wang et al. (2007) modeled an underground rock mass subjected to underground
explosions based on the models discussed above using LS-DYNA. Material Type 3 was
augmented through a subroutine interface to include an erosion criterion based on the TCK
model. The subroutine enabled the model to capture the rock’s brittle fracture by deleting
individual elements when the material response reached a certain erosion criterion. This erosion
limited unrealistic distortion observed from excessive loading and ensured that these elements
did not falsely provide further resistance to loading.
The soil and foam model, or Material Type 5, is used to simulate crushing of
geomaterials, such as soil, foam and concrete, through volumetric deformations. The material
behavior is based on a pressure versus volumetric strain relationship. A perfectly plastic function
(ϕ) is described in terms of the second invariant deviatoric stress (J2), pressure (p) and constants
(a0, a1 and a2), as shown in Equation 2-18. Pressure dependence can be eliminated by defining
the constants as shown in Equations 2-19 and 2-20 (LSTC 2012). A tension cutoff value is also
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defined in the constitutive model to define elastic unloading. If the tensile pressure exceeds the
cutoff, it is reset to the cutoff value.
∅

2-18
2-19
2-20

Since this model does not allow for material failure and erosion, Davidson et al. (2005)
employed the MAT_ADD_EROSION option in LS–DYNA to remove elements once the
elements representing the specified material, in this case concrete, reached a user input failure
point. The erosion option allows for the definition of several failure criteria, namely compressive
and tensile strengths and failure strains. Other parameters that are available in LS–DYNA to
induce failure include principal stresses, principal strains and failure time (LSTC 2012). The
failure criteria used for the CMU units were not published.
Davidson et al. (2005) explosively tested single concrete masonry units (CMUs) at
various scaled distances to aid with selecting the appropriate material model for the CMU walls
under blast loads. Out of the four LS-DYNA material models that were compared, Material Type
5 was chosen because it provided the closest match to the experimental results. It was also the
simplest of the evaluated models, requiring a minimum amount of input data.
2.5.2.2 Polyurea
The complex, viscoelastic behavior of polyurea is difficult to model in part because the
behavior under extreme loading is not fully understood. Although there is no widely accepted
constitutive model for the material, many researchers have developed computational and finite
element models that have been validated by experimental data.
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Amirkhizi et al. (2006) developed a temperature, pressure and strain-rate dependent,
nonlinear model of the viscoelastic response of polyurea over a range of loading rates. The
model, which was implemented as a user-defined material constitutive subroutine in LS-DYNA,
produced data that closely matched the results of high-strain rate experimental results. Li and
Lua (2009) developed a constitutive model that combined hyperelastic and viscoelastic theories
to differentiate low and high strain rate behavior. The high strain rate, viscoelastic model
incorporated the effect of strain history on stress and nonlinearity. This model better agreed with
experimental data produced by Amirkhizi et al. (2006), particularly at higher strains. The authors
proposed that the model could be implemented as a user-defined model in a finite element
program, such as LS-DYNA. However, these models require a significant amount of
experimentally derived input.
Bahei-El-Din et al. (2006) modeled polyurea inter-layered within metal plates using the
elastic-plastic hydrodynamic constitutive model, Material Type 10 in LS-DYNA. This material
model calculates the yield strength according to the following equation:
,
The coefficients (

and
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) are based on the linear pressure hardening and quadratic pressure

hardening, respectively. The effective plastic strain ( ̅ ) is a function of time and the plastic
component of the rate of deformation tensor. Table 2-1 presents material property values used in
the model that were based on experimental studies from high impact tests. However, the model
was not validated against experimental data.
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Table 2-1 Polyurea constitutive model properties
Property (units)
Material type

Isotropic, elasticplastic-hydrodynamic

LS-Dyna Material #
E1 = E2 (GPa)
E3 (GPa)
G12 (GPa)
G13 = G23 (GPa)
ν12
ν13 = ν23
ρ (kg/m)
Compressive yield strength (MPa)

10
2.52
2.52
0.86
0.86
0.465
0.465
1070
10

Chen (2009) also utilized constitutive models available in LS–DYNA to model polyureacoated steel elements subjected to air blasts. In the study, two separate models, LS-DYNA
Material Type 112 (MAT_FINITE_ELASTIC_STRAIN_PLASTICITY) and Material Type 106
(MAT_ELASTIC_VISCOPLASTIC_THERMAL), were chosen to distinguish between tensile
and compressive behavior, respectively. The tension constitutive model permitted the use of
user-defined stress-strain curves for a range of strain rates. The study also established the failure
criterion as an effective stress (

) of 1.5, computed based on true strain ( ), yield stress (

)

and modulus of elasticity ( ) as shown in Equation 2-22. Beyond this stress, the element eroded.
2-22
The model was validated against true stress-strain values computed from the findings of Roland
et al. (2007). To define the stress-strain relations for the constitutive model, Chen (2009)
converted the engineering stress and strain curves measured by Roland et al. (2007) to true stress
and strain using Equations 2-23 and 2-24, where the subscript E and T are for engineering values
and true values, respectively. The resulting true stress vs. strain data are plotted in Figure 2-15.
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2-23
2-24

Figure 2-15 True stress vs. strain (Chen 2009)
Due to less significant strain rate effects influencing the strain hardening of polyurea in
compression, Material Type 106 was selected by Chen (2009) to model polyurea in compression.
This material model defines the yield stress (

) as a function of the effective stress (

) and

the strain rate hardening coefficients, C and p, as shown in Equation 2-25. The hardening
coefficients were determined from fitting this equation to split Hopkinson pressure bar test data
performed by Chen (2009).
2-25
2.5.2.3 Cohesive Zone
As discussed earlier, bond issues may lead to interfacial failure which should be
incorporated in the FE model. LS–DYNA contains four cohesive material models that are
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designed specifically to model bond behavior. In the same study that examined bond strength
between polyurea and steel discussed above, Chen (2009) concluded that
MAT_COHESIVE_GENERAL, Material Type 186 was the most appropriate material model.
This was one of two models that account for both Mode I and Mode II fracture energies and
stress-displacement laws. In addition, it permitted the use of user-defined traction-separation
laws (Chen 2009) to model the debonding of the materials. The other cohesive material model
considered by Chen (2009) uses built-in separation laws and, therefore, did not permit the use of
the experimental results from bond tests. Since the use of this cohesive model has been applied
and validated in a blast study with polyurea, it is assumed that this constitutive material is more
appropriate for modeling the bond behavior between polyurea and granite than assuming a
perfect bond. The material model is discussed in more detail below.
The general adhesion model, or Material Type 186, considers the interaction between
mode I and mode II fracture using mixed-mode formulations with a user-defined, normalized
traction-separation law provided by a load curve (TSLC) (LSTC 2012). The traction separation
behavior is also governed by a dimensionless effective separation parameter (λ), which accounts
for interaction between relative displacements in both the normal (Mode I) and tangential (Mode
II) directions, represented by δ3 for mode I and δ1 and δ2 for mode II. The parameter (λ), as
shown in Equation 2-26, is a function of the maximum normal and tangential separations (
and

) along with the relative displacements:
〈 〉

2-26

The maximum separations are determined by Equations 2-27 and 2-28 for Mode I and Mode II,
respectively. GIC and GIIC refer to the fracture energy of their respective modes. The separation is
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also a function of maximum shear and tensile stress (S and T) and the area under the tractionseparation load curve (ATSLC).
∗

2-27
2-28

∗

Stress (t) in the cohesive zone/material is determined from the normalized traction-separation
load curve:
∗ ̅

2-29

This equation is a function of the maximum stress (tmax), which is either the maximum tensile
stress (T) or the maximum shear stress (S), the ratio between stress and maximum stress ( ̅) and
the dimensionless parameter (λ).

2.6 Conclusions
As one of the primary components exposed to extreme pressure loading during
explosions, properly designed cladding panels may have great potential to protect buildings, its
occupants and bystanders. Researchers have studied the structural response and resistance of
cladding panels under blasts, using both experimental testing and computational modeling.
However, natural granite panels, which are commonly used as an architectural component, have
not received much attention. The numerous studies on dynamic strength properties presented
within this chapter demonstrate that granite exhibits characteristics that are beneficial for
mitigating blast loads. However, its brittle nature could cause harmful fragmentation.
Experimental data and computational models have shown the potential for polyurea to be
a beneficial coating material for blast applications. While polyurea coating systems have been
studied, its application to natural granite for blast resistance has not received attention in research
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publications. Past research on the material properties of polyurea and its application to concrete
cladding for blast resistance has shown that it can aid with both limiting material fragmentation
and enhancing energy absorption. Studies also exhibit a dependence on thickness, location and
bond strength in effectively utilizing a polyurea coating in blast events.
There is no widely accepted approach for modeling granite or polyurea and existing
constitutive models are empirically based. Studies that examined the bond or contact between
polyurea coating and the substrate beneath, especially granite, are limited. As discussed, many
researchers have used LS–DYNA to accurately simulate shock and stress wave propagation in
parallel with structural response during short-duration events. As a result, information presented
in the following chapter will utilize constitutive models that are available in this software’s
library of material models to simulate the behavior of granite cladding panels during blast events
and, subsequently, meet the research objectives.
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Chapter 3 Material Characterization
3.1 Overview
This chapter presents material characterization test results for granite required for the
constitutive model that was selected as discussed in Section 4.1. While other researchers have
evaluated granite material properties, each property required to define the constitutive model
used in this study was not available for a single granite type. The purpose of this experimental
work was to establish consistent properties for a single type, Jet Mist granite, which was selected
as the representative granite material because it was concurrently being used in a companion
research effort. The material properties that were necessary to model the granite included:
density, elastic modulus, compressive yield and ultimate strengths, failure strain, and tensile
strength. The study included Split Hopkinson pressure bar (SHPB) and indirect, tensile tests.
The high strain rate compressive stress-strain relations obtained from the SHPB test and the
tensile strengths that resulted from these tests were used to establish material constants for the
FE models discussed in Section 4.3. A discussion of the method used to obtain the density of the
granite is also presented in this chapter.

3.2 Split Hopkinson Pressure Bar Tests
As discussed in Chapter 2, the SHPB testing apparatus is used by researchers to evaluate
the dynamic response of materials. In this study, SHPB tests were conducted to obtain
representative compressive stress-strain relationships for Jet Mist granite in the dynamic loading
range. The data was then analyzed to establish the granite’s elastic modulus, yield strength,
compressive strength and strain at failure.
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3.2.1 Test Setup & Procedure
The SHPB apparatus consisted of three 1.27 cm (0.50”) diameter steel bars: a striker bar,
an incident bar and a transmission bar as shown in Figure 2-2. The lengths of the striker,
incident, and transmission bars used in this experiment were 15.24 cm (6”), 213.4 cm (84”), and
213.36 cm (84”), respectively. The elastic modulus of these steel bars was 206.8 GPa (30000
ksi). For compressive testing, each specimen was securely placed between the incident and
transmission bars to maintain contact on both ends, as shown in Figure 3-1. The striker bar was
accelerated by hand, to create a compressive pressure wave through the sample. A portion of the
wave transmitted through the specimen into the transmission bar and another portion reflected
back into the incident bar. Throughout the test, strain gages recorded deformations in the incident
and transmission bars.

Granite sample
Incident bar

Transmission bar

Figure 3-1 SHPB test specimen between incident and transmission bars

3.2.2 Specimen Preparation
The cylindrical Jet Mist granite specimens were cored from blocks and saw-cut to the
required length. The diameters and lengths of each specimen were approximately 1.21 mm
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(0.475”) and 1.27 mm (0.500”), respectively. Though the specimens were fabricated to achieve
as close to a 1:1 ratio as possible, the diameter of the specimen is slightly smaller because it
should not exceed the diameter of the incident and transmission bars of the SHPB apparatus for
accurate testing. Measured diameters and lengths of the three specimens that were tested are
listed in Table 3-1.

Table 3-1 Test specimen dimensions
Specimen ID
JM1
JM2
JM3

Diameter (mm)

Length (mm)

1.21 (0.477")

1.35 (0.533")

1.20 (0.473")

1.35 (0.531")

1.17 (0.460")

1.33 (0.525")

3.2.3 Data Reduction
Strain time history data collected from the incident and transmission bars during impact
were used to calculate the stresses, strains, and strain rates experienced by each specimen.
Assuming quasi-static equilibrium in the specimen, the stresses, stains and strain rates of each
specimen were obtained by the following equations:
3-1
3-2
3-3
where

is the elastic modulus of the incident and transmission bars,

area of the incident and transmission bars,
the length of the specimen,
into the incident bar, and

is the cross-sectional

is the cross-sectional area of the specimen,

is the strain in the transmission bar,

is

is the strain reflected back

is the wave speed in the incident and transmission bars (Xia et al.
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2007). The above equations produce engineering stress and strains. Since the tests were expected
to result in significant levels of strain, the data was converted to true stresses and true strains
using the following equations:
3-4
3-5
The elastic modulus was then determined from averaging the slope of the linear portion
of each true stress-strain curve. The compressive yield strength of the Jet Mist granite was also
determined from the true stress-strain curves.
3.2.4 Test Results
The maximum compressive strain rate corresponding to each sample is shown in Table 32. Variations between these results were largely attributed to variations in velocities at which the
striker bar impacted the transmission bar. The magnitude of strain rate does affect the material
response as discussed in Section 2.3.2. However, as shown in the table, the rates were of the
same order of magnitude (102 s-1). The rate effect of on strength was assumed to be minimal and
these results were averaged to obtain a more accurate compressive strength for this loading
range. The resulting stress-strain plots, which have been converted to true stresses and true
strains as described above, are shown in Figure 3-2. The compressive strengths of the Jet Mist
samples are presented in Table 3-3 with the averaged strength shown. Although the sample size
is small, the standard deviation for the variation in compressive strength was 4.2 MPa, which is
only 3% of the average.
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Table 3-2 Strain rates experienced by the specimens
Specimen ID

Strain Rate (/sec)

JM1
JM2
JM3

179.5
198.2
386.8

25000

True Stress (psi)

20000

15000

10000

JM1 - 179.5/s
JM2 - 198.2/s

5000

JM3 - 386.8/s

0
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

True Strain (in./in.)
Figure 3-2 True stress – true strain results from SHPB tests

Table 3-3 Compressive strength and elastic modulus from SHPB tests
Specimen ID
JM1
JM2
JM3
Average

Max Compressive Strength (MPa)

Elastic Modulus (GPa)

127.5 (18.5 ksi)
135.3 (19.6 ksi)
133.9 (19.4 ksi)

29.1 (4215.8 ksi)
24.5 (3557.3 ksi)
23.4 (3389.6 ksi)

132.2 (19.2 ksi)

25.7 (3720.9 ksi)
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Due to the jagged nature of the stress-strain curve, the linear, elastic response is not easily
identified from the plots. Shan et al. (2001) reports similar jagged characteristics for stress-strain
curves produced from SHPB tests on granite at similar loading rates (100 – 600 s-1). Thus, the
yield strength was assumed to be 100 MPa (14.5 ksi) based on values found in literature where
granite was modeled computationally (Wang et al. 2007). Furthermore, Petrov et al. (2001)
reported that a deviation in the linearity of the stress-strain relationships for granite occurs
around 79% of the ultimate strength. Using the average compressive strength presented in Table
3-3, this change in linearity was calculated at 104.5 MPa (15.2 ksi). It should also be noted that
none of the published literature on rock testing with SHPB presents yield strength as a result.
The elastic modulus for each sample was then determined from the slope of the true
stress-strain curve up until the assumed yield stress and reported in Table 3-3. A linear regression
was applied to the stress-strain curve up to the assumed yield strength to ensure that portion of
the curve was in fact linear. The variance with the linear regression, or the R2 value was 0.97 for
each sample, suggesting that the response up to the assumed yield stress was linearly elastic. The
slope taken from the linear regression was used as the elastic modulus.

3.3 Indirect Tensile Test
The Brazil test (ISRM 1974) was used to indirectly measure uniaxial tensile strength of
the Jet Mist granite. Although the specimen is loaded diametrically in compression, the resulting
biaxial stress field produces failure in tension that can be equated to the uniaxial tensile strength.
3.3.1 Test Setup & Procedure
The indirect tension tests of the Jet Mist granite were performed using a universal testing
machine as shown in Figure 3-3, where a compressive force was applied through the loading
head to induce a constant diametric force in the granite. The granite cores were placed between
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the curved platens, as illustrated in the figure; and load was applied at a constant rate of 200 N/s
(45 lb/s) by hydraulic actuators until failure. This compressive load produced a biaxial stress
field, causing the sample to fail in tension producing a vertical crack, as illustrated in Figure 3-4.
Throughout the test, applied load and load head displacement were tracked.

Loading
head

Curved
platens
Test
specimen

Figure 3-3 Brazil, indirect tension test apparatus
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Applied
Compressive
Force

Indirect
Tensile
Force

Figure 3-4 Indirect tension forces
3.3.2 Specimen Preparation
The specimens were cored using a 69.85 mm (2.75”) diameter drill bit and saw-cut to
required length, which was approximately equal to the radius of the specimen. Table 3-4 shows
the diameter and height of the ten Jet Mist specimens that were tested. Ten specimens were
tested as recommended by the ISRM standard.

Table 3-4 Dimensions of test specimens
Specimen ID
JMT1
JMT2
JMT3
JMT4
JMT5
JMT6
JMT7
JMT8
JMT9
JMT10

Diameter (mm)

Height (mm)

69.4 (2.73")
69.3 (2.73")
69.3 (2.73")
69.3 (2.73")
69.2 (2.72")
69.2 (2.72")
69.4 (2.73")
69.4 (2.73")
69.4 (2.73")
69.3 (2.73")

37.3 (1.47")
37.2 (1.46")
36.7 (1.44")
36.4 (1.43")
36.3 (1.43")
35.8 (1.41")
37.8 (1.49")
36.9 (1.45")
37.8 (1.49")
35.8 (1.41")
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3.3.3 Test Results
The Brazil test produced the load-displacement curves shown in Figure 3-5 the maximum
load at fracture denoted with an “X”. Resulting ultimate loads are listed in Table 3-5. The tensile
strength of each specimen was calculated by the following equation:
3-6
is the maximum load,

and

are the diameter and length of the specimen, respectively

(ISRM 1974). The calculated tensile strengths for each sample are also listed in Table 3-5. As
recommended by the standard, the tensile strength of the Jet Mist granite was taken as the
average of the calculated strengths, 13.13 MPa (1.90 ksi).

Figure 3-5 Load–displacement curve
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Table 3-5 Tension test ultimate loads and strengths
Specimen ID
JMT1
JMT2
JMT3
JMT4
JMT5
JMT6
JMT7
JMT8
JMT9
JMT10

Ultimate Load (kN)

Tensile Strength (MPa)

57.2 (12.9 kips)
60.5 (13.6 kips)
54.3 (12.2 kips)
54.6 (12.3 kips)
48.8 (11.0 kips)
44.0 (9.90 kips)
64.7 (14.5 kips)
43.9 (9.90 kips)
51.4 (11.6 kips)
47.9 (10.8 kips)

14.2 (2.07 ksi)
15.1 (2.18 ksi)
13.5 (1.96 ksi)
13.6 (1.97 ksi)
12.2 (1.76 ksi)
11.0 (1.59 ksi)
16.1 (2.34 ksi)
10.9 (1.59 ksi)
12.8 (1.86 ksi)
11.9 (1.73 ksi)

The test was performed at a moderate loading rate of 5.17 x 10-1 MPa/s (75 psi/s), making
this average tensile strength conservative. As discussed in Section 2.3.2, high loading rates, like
those experienced under blast loading, have been shown to enhance the strength and mechanical
behavior of granite. However, the tensile stresses on the granite panels in the parametric study
never exceeded this conservative tensile strength. Since the tensile stresses never exceeded the
average strength presented above, increasing the strength according to loading rate would be
irrelevant for the type and magnitude of loading experienced in this study. In addition, it would
be impractical to adjust the tensile strength according to loading rate for each individual model in
the parametric study, especially given the independence of this parameter on behavior.
Jet Mist granite density was determined via mass and volume measurements of specimen
cores prepared for material testing. Table 3-6 lists the diameter and length measurements of each
core used to calculate the volume and the corresponding core mass. Based on the relationship
between the measured mass and volume, the average density of the Jet Mist granite samples was
found to be 3013.0 kg/m3 (188.1 lb/ft3). This value was taken as the density of Jet Mist granite.
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Table 3-6 Density test results
Specimen
ID
1
2
3
4
5

Mass

Diameter

Length

Volume

Density

(g)
491.9 (1.1 lb)
486.5 (1.1 lb)
981.3 (2.2 lb)
967.2 (2.1 lb)
999.8 (2.2 lb)

(cm)
5.7 (2.2”)
5.7 (2.2”)
5.7 (2.2”)
5.7 (2.2”)
5.7 (2.2”)

(cm)
6.4 (2.5”)
6.4 (2.5”)
12.8 (5.0”)
12.5 (4.9”)
12.9 (5.1”)

(cmᶾ)
163.3 (10.0 in3)
163.3 (10.0 in3)
326.6 (19.9 in3)
319.0 (19.5 in3)
329.2 (20.1 in3)

(kg/mᶾ)
3012.2 (188.0 lb/ft3)
2979.2 (186.0 lb/ft3)
3004.6 (187.6 lb/ft3)
3032.0 (189.3 lb/ft3)
3037.1 (189.6 lb/ft3)

3.4 Conclusions
Material property tests were performed on a representative granite, Jet Mist, to establish
parameters required for its constitutive model in LS–DYNA when utilized as a cladding panel.
This granite was concurrently being used for a companion research effort and specimens were
available for testing to define material constants needed for the selected constitutive model
presented in Section 4.3. Dynamic compressive properties were obtained using a SHPB
apparatus. Static tensile tests were completed using an indirect method suggested by ISRM for
rock materials, the Brazil test. The density was calculated from measurements of mass and
volume of Jet Mist granite cores used for material property testing.
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Chapter 4 Computational Models
4.1 Overview
This chapter summarizes the techniques and initial values selected to model the granite
cladding panels using a finite element (FE) approach in LS–DYNA. Commonly used granite
cladding design values are presented, followed by the resulting model dimensions and details
related to general model construction. Common cladding support, connection details and
appropriate assumptions for boundary conditions and constraints are also discussed. Selected
constitutive models and corresponding input values are then presented based on findings
presented in the literature review and the experimental work discussed in Chapter 3.

4.2 Initial Model Construction and Parameters
The selected component and modeling concepts used for the present study mimicked that
used to examine the performance of a concrete masonry wall evaluated experimentally and
computationally under blast loading by Davidson et al. (2004, 2005). For the experimental study,
two adjacent walls were constructed, facing the explosive source. These walls, separated by a
steel I-section, were contained within a single bay, rigid-frame “reaction structure.” The adjacent
walls, which permitted an efficient, side-by-side comparison between two different, physical
cases, were modeled separately in their respective computational studies. For the present study, a
single, one-story exterior wall was modeled and its dimensions were based on a 6 m by 6 m
(~20’ by 20’) bay having a story height of 4 m (~13’); typical commercial construction
dimensions. Thus, the resulting wall was 6 m by 4 m (~20’ by 13’). The dimensions were also
roughly the same as those used for the masonry wall studied by Davidson et al. (2004, 2005).
The cladding systems’ design for the initial model was based on common U.S. practice.
Each single panel was 1 m by 1 m (3’ 3-3/8” by 3’ 3-3/8”), which was within the common range
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of granite panel dimensions, approximately between 0.9 m (3’) and 1.5 m (5’) (MIA 2010). This
resulted in six panels spanning horizontally and four panels spanning vertically in the single bay,
for a total of 24 panels. Although granite cladding panels can be smaller, these panel dimensions
were chosen to provide a more conservative analysis since larger panels, which were anchored to
the supporting structure at the corners, result in larger unsupported lengths that experience larger
deformations. These dimensions, as illustrated in Figure 4-1, remained constant throughout the
study to compare the influence of parameters of interest (granite panel thickness and polyurea
location and thickness) on blast resistance. The parameters are discussed in more detail in
Chapter 5.

Figure 4-1 Cladding system elevation
To allow for thermal expansion and differential movement, granite cladding is typically
placed with a 9.5 mm (3/8”) gap between each panel that is filled with sealant (Scheffler 2012,
MIA 2010). This differs from the construction of CMU blocks, which are placed with a thicker
56

layer of mortar. To model the mortar and simulate their interaction with the CMU blocks,
Davidson et al. (2005) explicitly modeled the mortar and connected the blocks to this mortar
layer using tie-node features in LS-DYNA. To simplify the model for this study and not include
a separate constitutive model for the sealant, the construction joints were initially modeled using
a surface-to-surface contact (CONTACT_TIEBREAK_SURFACE_TO_SURFACE). This
contact type ties the defined surfaces and is broken once failure, which is defined using Equation
4-1, is reached (LSTC 2012). The failure criterion is based on a summation of the squared
contributions of the normal stress (

) and the shear stress ( ) to the normal failure stress

(NFLS), and the shear failure stress (SFLS), respectively.
|

|

|

|

4-1

The tensile and shear failure stresses were based on polyurea material properties since it is a
common sealant material and was already incorporated into the study as a protective coating.
The necessary limiting stresses, which were the same as those used in the cohesive material
model for the bond between the granite panel and polyurea coating, are presented in Section 4.3.
When defining the boundaries of the wall contained by the rigid “reaction structure” used
to represent the building structural framing, Davidson et al. (2004, 2005) simplified the FE
model by using rigid contact surfaces to contain the wall instead of modeling the entire reaction
structure. The reaction framing was assumed to be rigid to limit variable, moving boundary
conditions and reduce the level of complexity (Hoemann et al. 2010). A similar approach was
followed for the initial model in the current research and the support frame was not modeled
directly since its response was not being analyzed in this study. Only the connections between
the wall and frame were modeled.
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A combination of construction practice and prior research findings dictated the LS–
DYNA material model selection, dimensions and restraints used for the cladding anchorage
connections in the initial model. Grid and strut systems, constructed with corrosion resistant
materials like steel or aluminum, are common support framing assemblies used with granite
cladding panels (MIA 2010). Grid systems consist of both vertical and horizontal supports
whereas strut systems only consist of vertical supports. Typically, a minimum of 4 anchors,
located near the corners of the panel, are used for granite panels having up to 1 m2 (12 ft2) of
surface area. Thus, four connections were modeled at the corners of each panel for the current
research offset 0.1 m (4”) from each side, as seen in Figure 4-2. The base of the cladding wall
was affixed to an infinite rigid surface that will represent the ground.

Connection

Panel

Figure 4-2 Initial cladding panel model
Remaining parameters included in the initial model were based on studies by Pan and
Watson (1998) and Pan et al. (2001). As discussed in the literature review, these studies
evaluated the load transfer between concrete cladding panels and support connections during an
explosion. Both studies modeled the connections using DYNA3D, a predecessor to LS–DYNA,
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and Pan and Watson (1998) modeled them as beam elements, which are one-dimensional, barlike elements, to obtain axial forces transferred from the cladding panels to the cladding support
structure. The elements were assumed to be linearly elastic and steel. Pan et al. (2001) assumed
the connections to be 20 mm by 20 mm (0.8” by 0.8”) with a length of 50 mm (2”) and rigidly
affixed to the panel at one end and fully constrained at the other end. These modeling
assumptions were validated by comparing forces transferred to the supports against results from
experimental impact tests. A similar modeling approach was used for the initial model.
The element type selected for each component was based on previous studies where
polyurea-coated panels were constructed and analyzed using LS–DYNA. Both Davidson et al.
(2005) and Chen (2009) used 8-noded constant stress brick elements to model the CMU units
and steel plates, respectively. This element type is a three-dimensional, solid element, which,
unlike shell elements, allows for meshing and stress distribution calculations through the
thickness. Davidson et al. (2005), however, modeled the polyurea coating with shell elements,
while Chen (2009) used brick elements. Shell elements are 2D, planar elements and are used for
thinner components, such as a coating. As discussed in Chapter 2, the polyurea coatings were
thinner in the study by Davidson et al. (2005) when compared to the coating thicknesses studied
by Chen (2009), explaining the use of shell elements. For the present study, the granite panels
and polyurea coating were modeled using 8-noded, brick elements, due to selected material
models, as discussed in Section 4.3.
The contact interface between the cladding panels and the polyurea coating was modeled
using tiebreak contacts within LS–DYNA, similar to the approach used by Davidson et al.
(2005). As discussed in Section 2.4.2, the nodes or surfaces between the defined sections are tied
and “break” when failure criterion are reached. The criterion are based on the normal failure
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stress (NFLS), the shear failure stress (SFLS) and the coefficient of friction. For this study the
normal and shear failure values were taken from the literature. As discussed in Section 2.4.2,
Yilmaz (2011) evaluated the shear- and tensile-bond strength of polyurethane with a rock
substrate similar to granite. The results from this study were used to define the failure strength of
the granite–polyurea interface. The normal and shear failure stresses used were 8.13 MPa (1.18
ksi) and 8.07 MPa (1.17 ksi), respectively. Since the coefficient of friction between polyurea and
granite was not identified from published literature, the coefficient was found during the
validation study as discussed in Section 5.3.1. It should be noted that utilization of the tiebreak
feature made bond characteristics more appropriate for defining bond characteristics than
strength and fracture energy data used to define the cohesive model between polyurea and steel
by Chen (2009).
The resulting initial model was loaded with simulated blast pressures produced by the
CONWEP blast function code in LS–DYNA as discussed in Section 2.5. The source of the
explosion was modeled to include the magnifying effect of ground reflections. Standoff distance
was defined from the explosive source to the base of the wall, on center. Examined charge
weights and standoff distances are discussed in Chapter 6.

4.3 Material Models
Although material properties for granite vary from one type to another, it is generally
stronger and tougher than other rock types commonly used for cladding, such as limestone or
marble, making it a better candidate for blast resistance. Constitutive properties for the granite
panels were based on experimental high-strain rate, compressive tests and static tensile tests of
Jet Mist granite, which served as the representative granite material, as discussed in Chapter 3.
The LS–DYNA material model selected to represent the granite cladding panels is Material Type
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5 Soil and Foam. This model was chosen from those discussed in Chapter 2 because it closely
matched CMU wall fragmentation levels observed in experiments by Davidson et al. (2005), as
detailed in Section 2.5.2. Necessary information for this material model was obtained using
elastic moduli results from the dynamic, compressive stress-strain curves from Section 3.2.3.
Shear and bulk moduli (G and K) needed for the material model were calculated based on the
following equations:
4-2
4-3
Empirical constants also needed for the material model, defined in Section 2.4.2, were a function
of the yield stress (σy) determined in Section 3.2.4. Failure stresses obtained experimentally from
the tensile tests, summarized in Section 3.3.3, were used to define the pressure cutoff (PC)
needed to establish the tensile strength for the constitutive model, with tensile stresses and
strengths being negative values in LS-DYNA. If the pressure fell below this tension cutoff value
during computational tests, it was reset to that value, as discussed in Section 2.5.2.1. The density
(ρ) used for the constitutive model utilized values from Section 3.3.3. Poisson’s ratio was not
obtained directly from tests discussed in Chapter 3 and was defined based on published results
(Zhao et al. 1999). Table 4-1 presents relevant properties for the selected granite material model.
Table 4-1 Granite material properties
Shear Modulus, G Bulk Modulus, K

ρ
3013 kg/m3

10.3 GPa

17.1 GPa

ν

a0

a1

a2

PC

0.25

3745.3 MPa

0

0

-13.1 MPa

Since the Soil and Foam material model does not allow for material failure and erosion,
the MAT_ADD_EROSION keyword within LS–DYNA was employed to capture fragmentation
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of the granite panels as they were subjected to blast loads. The failure criteria used in the
parametric study were presented in Section 2.5.2.1. Selected failure criteria for this study were
initially based on experimental results from Chapter 3 and were refined during calibration as
discussed in Section 5.3.1. The maximum pressure at failure was defined by the compressive
strengths determined from the SHPB results discussed in Section 3.2.4. The minimum pressure
was defined using the same tensile strength, presented in Section 3.3.3, that was used to define
the pressure cutoff (PC) value in the granite constitutive model. With the tensile strength being
set as a criterion for erosion, the element failed if the defined tensile strength was exceeded. The
initial failure criteria are listed in Table 4-2. The maximum effective strain was defined during
the validation study in Section 5.3.1.

Table 4-2 LS–DYNA initial erosion criterion
MXPRES

Maximum pressure

MNPRES

Minimum pressure

132.2 MPa (19.2 ksi)
-17.48 MPa (2.54 ksi)

Maximum effective strain
EFFEPS
(

2

3

)

See section 5.3.1.

The constitutive model and mechanical properties for polyurea were taken from studies
by Chen (2009), who developed separate constitutive models for polyurea in compression and
tension as discussed in Section 2.5.2. Although it is not stated, it is assumed that Chen (2009)
created the compression and tension models for the polyurea applied on the blast face and nonblast face of the panel, respectively, to model its behavior during the initial impulse. In an
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experimental study of polyurea-coated masonry walls subjected to blast, Davidson et al. (2005)
observed tearing of the polyurea layer in tension on the non-blast face as the cladding flexed
under load. These experimental results were simulated by Davidson et al. (2005) in LS–DYNA
using polyurea material characteristics taken from strain-rate dependent, tensile tests. The model
agreed with the accelerations and deflections observed from the experimental blast tests. For the
current parametric study, the polyurea was largely applied only to the non-blast face of the
granite panels due to findings from similar studies, which are discussed in greater detail in
Chapter 5. Therefore, the polyurea was modeled using tensile strength characteristics since it
represents the material in its critical mode of failure and has been successfully used in both
previous studies (Davidson et al. (2004, 2005).
The parametric study does incorporate an evaluation of polyurea applied to the blast face
of the panels, which would experience compressive stresses and strains. As discussed in Section
2.4.1, Chen (2009) developed a constitutive model for polyurea in compression to address
divergence in material behavior as strain rates increased when compared to polyurea in tension.
However, Davidson et al. (2005) concluded that the polyurea coating was only slightly strained
in tests on polyurea-coated CMU walls subjected to peak overpressures of 260-460 kPa (37.7 –
69.0 psi). Chen (2009) evaluated polyurea-coated steel plates under a much larger blast, with a
peak overpressure of 82.7 MPa (12.0 ksi). Thus, the rate effects, and therefore, differences in the
compressive and tensile response, were likely more pronounced in the study by Chen (2009) than
in the study by Davidson et al. (2005). The current parametric study used the same blast loading
range studied by Davidson et al. (2005). Incorporating a second constitutive model with different
strength parameters, based on the high strain rate behavior of polyurea experienced during the
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study by Chen (2009), is likely to have minimal effect on the behavior of the coating on the
unprotected face based on the findings by Davidson et al. (2005).
Thus, the polyurea was modeled using LS–DYNA Material Type 112, Finite Elastic
Strain Plasticity because it uses a finite stain formulation to allow large elastic strains to develop
before yielding (LSTC 2012). As discussed in Section 2.5.2, Chen (2009) validated a constitutive
model within LS–DYNA based on the high-strain rate tensile strengths found experimentally by
Roland et al. (2007). Chen (2009) computed the yield stress and modulus of elasticity for the
polyurea from this data and Poisson’s ratio was assumed to be 0.45 to account for the nearly
incompressible behavior of polyurea. Table 4-3 presents the polyurea material properties that
were used in this study.
Table 4-3 Polyurea material properties
E (MPa)

Yield Stress (MPa)

ν

71.1

5.9

0.45

As discussed in Section 4.2, it was assumed that the panel connections were linearly
elastic and steel having the material properties shown in Table 4-4 (Pan et al. 2001). The
connections were modeled using Material Type 1, Elastic, which assumes an isotropic material
having elastic strains (LSTC 2012). The stresses in the connections were tracked throughout the
validation and parametric studies and the yield strength of the material was not surpassed.

Table 4-4 Steel material properties (Pan et al. 2001)
Density (kg/m3)

E (GPa)

Yield Strength (MPa)

ν

7850

200

250

0.3
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4.4 Conclusions
A single, granite, cladding system was initially modeled using a combination of
techniques reported by Davidson et al. (2005), Hoemann (2010), Pan and Watson (1998) and Pan
et al. (2001). The dimensions of the cladding wall remained constant and were determined
according to common U.S. design practice. A combination of solid and beam elements were used
to create the panels, polyurea coating and panel connections to the support framing. Joints
between the panels and the bond between the polyurea and panels were initially modeled using
contact tiebreaks. Material models for the granite and polyurea were selected from a suite of
material models embedded within LS–DYNA using information from the literature reported in
Section 2.5.2 and tests discussed in Chapter 3. The presented modeling techniques were
validated in the following chapter to ensure accuracy in the findings from the parametric study.
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Chapter 5 Model Validation
5.1 Overview
This chapter discusses methods used to validate initial modeling approaches described in
the previous chapter. The methodology utilized two phases to validate the models and validation
was accomplished by comparing model behavior to published results from Pan et al. (2001) and
Davidson et al. (2004, 2005) as described in Sections 2.2.3 and 2.4.1, respectively. The first
phase focused on validating the granite constitutive model and axial forces transferred to panel
supports by examining a single panel and quantitatively comparing the results to validated
computational results reported by Pan et al. (2001), which evaluated panel deflection and load
transfer to the connections of a single reinforced concrete panel under blast loading. The second
validation phase focused on the study by Davidson et al. (2004, 2005) that examined the
behavior of polyurea-coated, CMU walls under air blasts to evaluate the level of fragmentation
and deflection as coating thickness was varied. Locations and degree of panel fragmentation,
strain rates experienced in the polyurea coating and wall displacements were used for the second
validation phase, with a focus on global behavior. Separating validation into two phases
permitted employing an incremental approach, with a less complex model validated initially
followed by a more detailed model where more components were validated under similar load
types and levels to those examined for the current study.

5.2 Phase I
The purpose of this phase was to validate model predictions of mid-span granite panel
deflections and axial forces transferred to panel connections as described in Section 2.2.3. This
was completed by subjecting a single panel to blast loading and comparing model predictions to
those from Pan et al. (2001). As discussed in Chapter 2, Pan et al. (2001) computationally
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evaluated forces transferred from a single reinforced concrete panel to connections at its four
corners when subjected to blast loads as shown in Figure 5-1. The results were validated against
impact experiments.

Figure 5-1 Single panel model (Pan et al. 2001)
Computational deflection time-history curves produced by Pan et al. (2001) for the center
of the panel are illustrated in Figure 5-2 for varying impulse levels. Since the blast duration of
5.4 ms is significantly smaller than the natural period of the panel, the panel is in the impulsive
loading range (Pan et al. 2001). As a result, the following figures present force time-histories for
a range of impulses instead of peak overpressures. It can be seen in the curves that, with greater
impulse, it takes more time to reach the higher ultimate deflection. Also, the plot illustrates a
similar slope for the rebound curve for each impulse level.

67

Figure 5-2 Deflection time-history at center of panel (Pan et al. 2001)
A second study, by Pan and Watson (1998), examined the influence of panel thickness
and, in turn, stiffness on the mid-span deflection and on loads observed in the panel connections.
This study established relationships between the panel’s material properties and thickness to
panel deflections. Most importantly, it allowed for quantitative validation of a granite panel
against concrete panel deflections reported by Pan et al. (2001) using Equation 5-1, which
permits calculation of predicted deflections based on material properties and impulse. This
equation, based on kinetic and total strain energies, relates the blast impulse (i), panel thickness
(t), yield strength (fy), elastic modulus (E) and material density (ρ) for blasts in the impulsive
loading range, like those studied by Pan et al. (2001).
5-1
A model was created using the same dimensions from Pan et al.’s (2001) study, including
the panel dimensions, connection details and boundary conditions. The panel itself is 3.2 m by
3.2 m (10.5’ by 10.5’). The connections were modeled using 50 mm (2.0”) long, rigidly
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connected, beam elements having a 20 mm (0.9”) square cross section, as reported by Pan et al.
(2001). As specified in the previous section, these connections were represented using linearly
elastic, steel material models because anchorage connections are typically constructed of steel
and this constitutive model was used by Pan et al. (2001).
The panel was preliminarily modeled using granite constitutive model and material
properties presented in Section 4.3 for the Jet Mist granite. To relate response of the reinforced
concrete panel evaluated by Pan et al. (2001) to the granite panel validated in this study for a
given impulse, Equation 5-1 was used to determine the thickness of an equivalent concrete panel
based on the granite material properties. Using values from Table 5-1, the thickness of equivalent
concrete panel was calculated to be 0.5 cm (0.2”), which was significantly thinner than the panel
thickness that was evaluated in the current parametric study reported in Section 6.3.

Table 5-1 Concrete vs. Granite Material Properties
E
ρ
fy
t

Concrete
28 GPa
2400 kg/m3
4 MPa
14 cm

Granite
25.7 GPa
3013.0 kg/m3
100 MPa
0.5 cm

To maintain modeling consistency to that reported by Pan et al. (2001), the equivalent
panel was meshed using 576 (24 x 24) elements. Unlike that study, which modeled the concrete
with shell elements, the granite was modeled using solid elements since the constitutive model
selected for granite, as discussed in Section 4.3, was not an option for shell elements in LS–
DYNA. The preliminary validation model was loaded with 10 kg (22 lb) of equivalent TNT at a
standoff of 10 m (32.8’), which resulted in a reflected impulse of 283 Pa-s (0.04 psi-s), which
matched that reported by Pan et al. (2001). Theoretically, applying the same impulse to an
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equivalently stiff panel would result in the same deflection time-history reported by Pan et al.
(2001). However, the decrease in thickness to less than 1 cm resulted in erosion of elements once
the blast pressure was applied to the panel. This erosion was caused by the calculation of
negative volumes in the solid elements, meaning that the element experienced significant
deformation and became distorted, suggesting that Equation 5-1 was not appropriate in relating
granite and reinforced concrete panel responses.
Since the panel eroded, a different approach was required to relate its response to that of
the reinforced concrete panel so that quantitative validation of the model predictions of mid-span
deflections in the granite panel could be accomplished through comparisons with the results
reported by Pan et al. (2001). Thus, the validation model’s thickness was increased to match that
used in the study by Pan et al. (2001) and Equation 5-1, originally used to find an equivalent
thickness given a constant impulse, was instead used to derive an equivalent impulse given a
constant thickness. Since granite is a brittle material, it fails and ultimately collapses once the
elastic limit is met (Pan et al. 2001). As a result, the granite panel was quantitatively validated
against the response of the concrete panel at and near its elastic limit, which occurred at an
impulse 90 Pa-s (0.01 psi-s) (Pan et al. 2001).
Using Equation 5-1, the elastic limit of the granite panel would theoretically be reached
at an equivalent impulse of 1566 Pa-s (227.13 psi-s). When the granite panel was subjected to
this impulse level, every element in the granite panel eroded, indicating complete collapse of the
wall. This is further supported by the findings reported by Davidson et al. (2005), where the
brittle, CMU wall collapsed under a similar impulse. In addition to the brittle nature of the
granite, its reported yield strength is 25 times larger than that for reinforced concrete. The
resulting high yield strength ratio in Equation 5-1 was the largest multiplier when the impulse of
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the reinforced concrete was converted to an equivalent impulse of the granite panel at the elastic
limit. Thus, it was concluded that Equation 5-1 was not appropriate to validate the granite
panel’s response with an equivalent thickness or impulse. To permit quantitative validation,
another form of Equation 5-1was used, one that related maximum displacements to blast impulse
( , thickness ( ), density ( ), and the elastic modulus ( ), as shown in Equation 5-2 (Pan and
Watson 1998). Given that thickness and impulse remained relatively constant for each panel, this
equation expresses the ratio of maximum displacements between two panels as the square root of
the product of the ratio of densities and the ratio of the elastic moduli. Using the material
properties presented in Table 5-1, the maximum displacement of a granite panel having the
properties shown should be approximately 1.1 times that of the concrete panel studied by Pan et
al. (2001). Using this equation, quantitative validation of panel deflections was accomplished and
results are presented in the next section.
5-2
5.2.1 Phase I Results
The displacements produced by Pan et al. (2001) for 90 Pa-s and 283 Pa-s were used to
quantitatively validate the modeled granite panel. The granite panel was blast loaded to
experience approximately equal levels of impulse. To obtain better agreement with results
reported by Pan et al. (2001), connectivity between the modeled panel and its supports was
manipulated. The final validation model and resulting parametric study models discussed in
Section 6.4 were created with merged nodes at the interface between the panel and connections,
which effectively rendered the contact between the panel and its connections as rigid. This
contact maintained the connectivity of the panel to the supports, permitting rebound of the panel
and preventing separation of the panel from the connections, as this behavior was not reported by
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Pan et al. (2001). Although the loading was greater in the parametric study, it was concluded that
the merged nodes induced higher stresses in the granite, which resulted in failure and erosion in
the granite panel near the connections, as expected according to findings presented in Section
2.2.3.
Resulting displacement time histories from the validation model were modified according
to Equation 5-2, which, again, multiplied the displacements by 1.1, and are plotted in Figure 5-3.
It can be seen that the maximum displacements as well as the trends for the displacement timehistories agreed well with those provided by Pan et al. (2001). Phase shifts and longer periods of
response for the modeled panels were attributed to their larger mass, which required more time to
mobilize and rebound as the panel was loaded.

Figure 5-3 Deflection time history comparison
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To further ascertain if the model was accurately predicting panel deflections, response of
the granite panel was qualitatively compared to the results reported by Pan et al. (2001) at greater
impulse levels. Figure 5-4 presents displacement time histories for the granite panel for impulses
between 90 Pa-s (0.01 psi-s) and 485 Pa-s (0.09 psi-s) and compares those curves to results from
Pan et al. (2001). These comparisons show that predicted behavior is again similar to that for the
reinforced concrete panels with the period of response being longer for heavier, granite panels.
While maximum displacements were not compared, displacements were of the same order of
magnitude as those reported by Pan et al. (2001).
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(A) Reinforced concrete panel, Pan et al. (2001)
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(B) Granite panel
Figure 5-4 Deflection time history at center of panel
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Pan et al. (2001) also evaluated connection response using axial force time histories and
resulting time-histories for the top beam element at one of the connections is illustrated in Figure
5-5 for varying levels of impulse. Figure 5-6 shows axial force time histories from the model of
the granite panel. While the time period is longer due to the greater mass, the response is similar
to that observed in the reinforced concrete panel shown in Figure 5-6. Pan at al. (2001) described
the initial, pre-peak behavior in three stages: “(1) a fast rising period when the panel was first hit
by the blast wave, (2) a comparatively slow variation period for 3–5 ms followed by almost
constant force at up to 10 ms, and (3) another fast rising period until the maximum force was
reached at about 15 ms” (Pan et al. (2001). While the longer period of the granite panel’s
response expands the time frame in which this response occurs, the three stages are observed in
the axial force time-histories from the granite panel model. These stages have been labeled in the
figure.
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(3)

(1) (2)

Figure 5-5 Axial force time-history in the connection (Pan et al. 2001)
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Figure 5-6 Axial force time-history in granite panel
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5.3 Phase II
Phase II validation was completed to compare global behavior of a modeled, polyurea
coated, granite cladding wall against test results reported by Davidson et al. (2004, 2005) for a
polyurea coated concrete masonry wall. This phase utilized both qualitative and quantitative
methods to validate the model by comparing its maximum deflections, locations and degrees of
damage, and polyurea strain rates to those found experimentally and computationally for the
CMU wall that was tested and modeled by Davidson et al. (2004, 2005). A main focus of the
Phase II validation was modification to erosion parameters employed in LS–DYNA for the
granite constitutive model to represent its fragmentation, as reported data on blast fragmentation
of granite is unavailable as reported in the literature review. In addition, effectiveness of the
approach used to represent the polyurea and its contact with the granite panels were examined by
comparing strain rates experienced by the polyurea in the validation model to those reported in
the finite element model of the CMU blocks, which was validated by Davidson et al. (2005)
against the experimental results.
A model was created in LS-DYNA using solid elements for the granite and polyurea with
geometric parameters matching those from the study by Davidson et al. (2004, 2005), which
examined a wall that was 3.7 m by 2.3 m (12’ by 7.5’). Face dimensions of the CMU blocks
were kept constant at 39.7 cm by 19.4 cm (15.6” by 7.6”) because Davidson (2004) reported
hinging at interfaces between CMU blocks. To better replicate the CMU wall results, panel
connections used for the first validation phase discussed in the previous section were not
included in this validation phase. The wall’s boundary conditions were modeled using steel
angles along its width at the base and top as described by Davidson et al. (2004). These angles
were rigidly attached to an infinitely rigid planar surface at the base and constrained at the top
with a 2.5 cm (1”) gap. These support constraints were described in the report by Hoemann
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(2010), which further discusses the boundary conditions used to model the wall experimentally
tested by Davidson et al. (2004, 2005). The wall was not constrained on its unprotected face or
along its sides.
Two tests were used for Phase II model validation. The first model was compared to a
test case where the wall was coated with a 3 mm (0.24”) thick layer of polyurea on the protected
face (Test 1). The model incorporated the modeling techniques discussed in Sections 4.2 and 4.3.
It was subjected to blast loads producing similar peak reflected pressures as the CMU wall tested
by Davidson et al. (2004), who reported a peak reflected pressure of 393 kPa (57 psi). Using
UFC 340 and the same standoff distance of 10 m (32.8’) used throughout this study; the
calculated charge weight was 41.1 kg (90.7 lb). A second model was evaluated where a CMU
wall having the same dimensions was blasted without a polyurea coating and collapsed. Since
this bare wall was tested adjacent to the coated wall, similar loading parameters were used.
Information taken from the tests and used to assess model effectiveness consisted of: (1) failure
descriptions; (2) images of the post-test damage levels; (3) maximum recorded deformations; and
(4) strain rates in the polyurea. Summaries of Items (1) and (3) are presented in Table 5-2.

Table 5-2 Validation comparison summaries (Davidson et al. 2005)
Wall
Description
Test 1: CMU wall, 3
mm polyurea on
protected face
Test 2: CMU wall, no
polyurea

Failure
Characterization

(mm)

Front face shell fracture in top third
of wall, flexural hinge at
top/bottom/mid-height, no tearing in
polyurea

184 (7.2”)

Severe fragmentation and collapse
--------
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5.3.1 Phase II Results
Validation of the model against results from Test 1 dictated changes to its construction.
First, an assumption that involved modeling the 9.5 mm (3/8”) construction gap using tiebreak
contacts was modified due to an overly stiff response of the wall when compared to results
reported by Davidson et al. (2005). In Figure 5-7, a profile, or side view of the initial validation
model (A) is shown, followed by views of the post-blast response at 0.015 seconds (B) and 0.065
seconds (C). Comparing this flexural response to that illustrated and reported by Davidson et al.
(2005) (D), it appears that, although fracture occurred at the top and base, flexural hinging did
not occur as reported. Initial attempts were made to decrease the strength of the contact
tiebreaks. However, the flexural response remained as shown in the figure and it was concluded
that modeling the blocks adjacent to one another with tiebreaks created an overly stiff wall.
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Fracture
Fracture

Flexural
hinge

Figure 5-7 Flexural response of initial validation model
To modify the validation model, gaps between the granite panels, which are typically
filled with a sealant, were explicitly modeled. Since polyurea is a common sealant material and
already implemented in the study, the same constitutive model and material properties used for
polyurea coating was modeled between the granite blocks with a 9.5 mm (3/8”) thickness. The
tiebreak feature discussed in Section 4.2 to replicate contact between the granite panels and the
polyurea coating was implemented for the sealant as well. The resulting model is shown in
Figure 5-8 and the resulting flexural hinging induced by this change is shown in Figure 5.9.
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Figure 5-8 Final validation model
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Flexural
hinge

Figure 5-9 Hinging in validation model
The next validation step focused on erosion criteria used for the granite panels and the
coefficient of friction selected for the interface between granite and polyurea. The erosion
criteria, as discussed in Section 2.5.2.1, included an assigned maximum and minimum pressure
for granite failure, as defined by the compressive and tensile strengths of the granite discussed in
Section 4.3. The remaining criterion, effective strain (EFFEPS), is dependent upon the type of
loading and model construction. The friction coefficient between granite and polyurea affected
the bond strength and therefore also influenced the global, flexural behavior of the wall along
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with the location and degree of fragmentation. As such, these constants were determined
concurrently based on comparison of model results to experimental results reported by Davidson
et al. (2004, 2005) for the CMU wall. A wide range of values for the effective strain of the
granite at failure were evaluated to obtain acceptable predictions of response described by
Davidson et al. (2004, 2005), though coefficients of friction that were examined ranged between
0.1 and 1.
Through qualitative comparisons between validation model results and post-test
conditions of Test 1 as reported by Davidson et al. (2004, 2005), it was determined that
appropriate values for the effective failure strain for the granite and friction coefficient between
granite and polyurea were 0.04 and 0.7, respectively. Post-test damage level photographs from
the study by Davidson et al. (2004) are shown alongside the Test 1 model results in Figure 5-10.
These results are shown to help substantiate the values selected above. It can be seen that the
CMU blocks still fractured significantly in the top quarter of the wall and minimally near the
base support. However, collapse of the wall was prevented because the fragments were held
within the polyurea membrane. As shown, similar results were obtained from the validation
model that utilized the selected values. The maximum deflection of the wall was 232 mm (9.1”),
which is close to the 184 mm (7.2”), reported by Davidson et al. (2004).
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Davidson et al. (2004)

Validation Model
Figure 5-10 Test 1 model results
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Variance is attributed to differences in loading and boundary conditions. Since the blast
parameters were approximated according to UFC 340 and simulated in LS-DYNA, exact test
conditions were not achieved. Additionally, the model may not have accomplished the exact
boundary constraints that were experienced during actual testing by Davidson et al. (2004).
Further changes would not benefit the modeling approach used for the parametric study, as the
boundary conditions and support constraints (validated in Phase I) are different than those used
by Davidson et al. (2004, 2005).
Figure 5-11 present the results obtained for Test1 when final value for the effective
failure strain of the granite was arbitrarily varied by ±0.005. As seen and highlighted in Figure 511, selecting a lower effective strain at failure (0.035) resulted in fragmentation in the entire
upper half of the wall, differing from the results reported by Davidson et al. (2004, 2005) with
respect to both amount and location of fragmentation. Selecting a higher effective failure strain
(0.045) reduced the overall amount of fragmentation and produced more material erosion at the
base than at the top, which is contrary to the results reported by Davidson et al. (2004, 2005)
where most of the fragmentation occurs in the upper quarter of the wall. These illustrations
further confirm that an effective failure strain of 0.04 best predicts the amount and location of
erosion in the granite, as expected by the response of the CMU wall tested by Davidson et al.
(2004, 2005).
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Davidson et al. (2004)
Figure 5-11 Test 1 with varied effective strain
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0.045

The same approach was taken to better illustrate why the granite–polyurea fiction
coefficient of 0.7 best predicts the response of the validation model when compared to the CMU
wall tested by Davidson et al. (2004, 2005). Figure 5-12 presents the validation model response
to the blast load when the friction coefficient (µ) between the granite and polyurea were
arbitrarily varied by ±0.05. In both cases, fragmentation and erosion occurred in the bottom half
of the wall, which was not evident in the wall tested by Davidson et al. (2004), as shown in the
figure. The friction coefficient impacted not only the amount of fragmentation but, the location
as well. The granite–polyurea friction coefficient, 0.7 best modeled the contact, or bond, as it
related to the response of the granite blocks.
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Davidson et al. (2004)
Figure 5-12 Test 1 with varied friction coefficient
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μ

0.75

The friction and contact properties between the granite and polyurea affect the strain rate
experienced by the polyurea (Davidson et al. 2005). Thus, the strain rate experienced by the
polyurea coating from Test 1 was quantitatively compared to the computational model results of
the polyurea-coated CMU wall, which Davidson et al. (2005) validated against the experimental
test conditions. From the model, Davidson et al. (2005) noted that the rate of strain experienced
by the polymer reinforcement did not exceed 100 s-1. For the current validation study, the
selected friction coefficient of 0.7 between the granite and polyurea, qualitatively validated
above, resulted in polyurea strain rates shown in Figure 5-13. Davidson et al. (2005) did not
specify which strains were evaluated, so the three highest rates in the polyurea coating are
shown. As shown, none of the strain rates exceed 100 s-1, further validating the selected friction
coefficient.
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Figure 5-13 Strain rates in polyurea coating
For Test 2, the wall was examined without polyurea to ensure that it would predict failure
using the same model approach and constants validated from Test 1. As shown in Figure 5-13,
the wall model indicated complete fracture at its top and along the entire base.
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Figure 5-14 Test 2 results from validation study
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The model run time was approximately 0.08 s and, at that point, the wall was
unsupported at its top and base and was observed to be displacing under its self-weight. As
shown in Figure 5-15, this steadily increasing displacement, coupled with the observed erosion
and resultant velocity of the wall, indicated initiation of collapse. In addition, it can be seen in
Figure 5-14 that some of the CMU units remained intact after collapse of the wall, which
explains the intact granite panels in the lower portion of the wall.
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Figure 5-15 Test 2 Displacement and Velocity
5.4 Conclusions
A two phase approach was implemented to try to ensure accurate predictions of blast
response using the FE model discussed in Chapter 4 by comparing validated model results
against results from Pan et al. (2001) and Davidson et al. (2004, 2005). Phase I involved a single
panel, modeled with the granite constitutive model presented in Section 4.3 and having the same
dimensions and loaded with similar levels of impulse as those presented by Pan et al. (2001).
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Equations produced by Pan and Watson (1998) to relate displacements of panels having different
material properties were used to quantitatively validate the displacements of the validation panel.
The results reported by Pan et al. were also qualitatively compared to the axial force timehistories in the connections. The results of the validation showed good agreement with the results
reported by Pan et al. (2001) and led to adjustments in the connectivity between the panels and
its connections. In the study by Pan et al. (2001), the panel and its connections maintained
contact throughout the impulse load, which enabled rebound of the panel. Merged nodes were
employed at the interface of the panel and its connections in the validation model to achieve this
response. The displacements from the validation model were compared and shown to agree well
with those computationally produced by Pan et al. (2001) when manipulated according to the
equations by Pan and Watson (1998). Furthermore, the axial-forces in the connections were
qualitatively validated against the characteristics of the force time-history plot illustrated and
described by Pan et al. (2001), further supporting the merged nodes at the panel-connection
interface.
In Phase II, a wall having granite blocks with similar dimensions to the CMU wall
studied by Davidson et al. (2004, 2005) was created with a polyurea coating. This more complex
model was created to validate the erosion, or fragmentation of the granite, the granite-polyurea
friction coefficient and the strain rates experiences by the polyurea. For Phase II, comparisons
were made between the validation wall model and the experimentally determined maximum
displacements, failure descriptions and images of the post-test damage levels of the
experimentally tested CMU wall by Davidson et al. (2005). The strain rates experienced by the
polyurea in the validation wall model were compared to those found in the FE models created
and validated against experimental tests by Davidson et al. (2005).
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To obtain good agreement in the flexural response of the validation model to that
reported by Davidson et al. (2004, 2005), the initial approach to use tiebreaks to model the
expansion gap between each panel were changed, since it produced an over stiff flexural
response, and the gaps were explicitly modeled with polyurea to better achieve flexure. The
erosion criteria for the granite and the contact properties between the polyurea and granite were
concurrently modified to obtain results that more closely matched those presented by Davidson
et al. (2004, 2005). It was shown that an effective failure strain of 0.04 and a granite-polyurea
friction coefficient of 0.7 resulted in the most accurate prediction of amount and location of
fragmentation in the granite material. The strains rates in the polyurea were quantitatively
compared to those reported by Davidson et al. (2005), and as described, the strain rates did not
exceed 100 s-1. Finally the wall was modeled without polyurea to ensure failure and collapse for
this uncoated test case, as reported by Davidson et al. (2004, 2005). At the termination of the
model, significant fragmentation in the granite had occurred and increasing displacements and
velocities suggested that the wall was continuing towards collapse. The resulting changes in the
model approach were implemented in the parametric study, discussed in the following chapter.

93

Chapter 6 Parametric Study
6.1 Overview
This chapter summarizes parameters used to assess the effectiveness of applying a
polyurea coating to granite cladding walls with respect to improving their blast performance.
Four parameters were varied:
1. Scaled distance;
2. Granite cladding thickness;
3. Polyurea thickness; and
4. Polyurea location relative to the source of the explosive.
Certain parameters were selected based on findings reported in Chapter 2 from Davidson et al.
(2004, 2005) and Chen (2009), where plates or walls having polyurea coatings were studied
under blast loadings. These studies provided a basis for varying the blast load characteristics, the
polyurea thickness and the location of the explosive source. Granite cladding thickness was
varied based on common construction practice. Section 6.4 summarizes the method used for
combining these parameters that created the computational cases that were analyzed.
The results of the parametric study are then presented and evaluated to determine the
effectiveness of polyurea for preventing fragmentation of granite cladding and enhancing energy
absorption, along with the subsequent effect on loads transferred to the support connections.
Effectiveness was evaluated by qualitative observations of: (1) granite damage levels and
locations; and (2) polyurea coating behavior with respect to its interaction with the granite
cladding. These observations incorporated examinations of the post-blast condition of the
cladding walls and final deformed shapes. Polyurea coating effectiveness was further evaluated
through quantitative analyses of: (1) percent of eroded granite, which physically translates to
ejected or completely destroyed material; (2) maximum and final cladding displacements; and
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(3) peak, total kinetic energy in the wall. Axial forces in connections between the cladding and
the support structure were also evaluated to determine the effect of varying the studied
parameters on load transfer to the support structure. The objective of this evaluation was to
ascertain if the potential limitation on granite erosion induced greater loads into the structure.
Sections 6.5 and 6.6 focus on the effect of mass, defined based on cladding and polyurea
coating thicknesses, and the effect of coating location relative to the explosive source on blast
resistance, respectively. The effect of variation in blast scaled distance is examined throughout
both sections.

6.2 Blast Parameters
As discussed in the literature review, CONWEP loading functions were used in LSDYNA to perform dynamic computational analyses on the granite cladding wall. Blast load
parameters varied in this study were based on Davidson et al. (2005), permitting comparisons
with respect to blast resistance for cladding walls against findings from that study. Davidson et
al. (2005) performed ten tests on CMU walls under blast loads that produced peak overpressures
between approximately 263 to 476 kPa (37.7 to 69.0 psi).
Explosive weights and standoff distances were not published by Davidson et al. (2004,
2005). However, UFC 340 (2008) provides parameters for hemispherical blasts based on scaled
distance. A peak pressure of 476 kPa (69.0 psi) is the result of an explosive having a scaled
distance (Z) of 6.5 (DoD 2008). Back-calculations from this scaled distance gave a charge weight
of 58.3 kg (128.6 lbs), assuming the same stand-off distance of 10 m (32.8’) as discussed in
Section 5.3 for the validation study. Applying the same approach with a peak pressure of 263
kPa (37.7 psi) gave a charge weight of 29.1 kg (64.0 lbs). The study by Davidson et al. (2005)
included an additional test that resulted in a peak overpressure of 1640 kPa (237.9 psi). However,
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the polyurea coated CMU wall was reported to be severely overloaded and collapsed. Thus,
charge weights of 29.1 kg and 58.3 kg (64.0 lb and 128.6 lb) of TNT at a standoff distance of 10
m (32.8’) were selected as upper and lower bound load cases for the current study.
Corresponding scaled distances (Z) were 2.6 and 3.3 m/kg1/3 (6.5 and 8.2 ft/lb1/3).

6.3 Cladding and Polyurea Parameters
Since thickness is a common cladding design variable, it was varied to evaluate its
influence on response and failure modes when used with polyurea. In general, the design of
cladding walls is driven by architectural considerations and there are no codified limits for
cladding thickness. As a result, cladding thicknesses selected for this study were obtained from
common practice. As discussed in Chapter 2, thin stone cladding wall systems are common in
new construction. Granite cladding in these systems typically range in thickness from
approximately 3.5 cm to 5.1 cm (1-3/8” to 2”) (Scheffler 2010). Thus, a value of 5.1 cm (2”) was
used as the minimum thickness. Since mass is reported as being beneficial for preventing or
limiting mobilization of the structure during short loading events (FEMA 2003), granite cladding
thicknesses of 12.7 cm (5”) and 25.4 cm (10”) were also included in this study based on a
general survey of granite cladding providers in the U.S. Including both thin and more traditional,
larger thicknesses permitted possibly expanding findings from this study to both retrofit and new
construction.
As discussed in Section 2.4.1, the blast mitigation effectiveness of polyurea has been
shown to be dependent on its thickness (Chen 2009, Davidson et al. 2004, Davidson et al. 2005).
Existing studies indicated that polyurea can be sprayed, poured or brushed onto the substrate and,
as a result, a significant range of thicknesses has been evaluated. As discussed in Section 2.4.1,
Davidson et al. (2004) applied spray-on polyurea to the protected face that ranged in thickness
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from 3.2 mm to 9.5 mm (1/8” to 3/8”). Chen (2009) poured and brushed polyurea on the
protected face of steel panels with the polyurea ranging in thickness between 6.4 mm and 25.4
mm (1/4” to 1”). The upper and lower bounds from these studies were selected as the polyurea
thickness range for the current research and 3.2 mm, 6.4 mm and 25.4 mm (~1/8”, 1/4” and 1”)
thicknesses were applied to the protected face of the panels. It was assumed that the 3.2 mm
(1/8”) and 6.4 mm (1/4”) thicknesses would be used for a spray-on application and the layer was
modeled as a continuous surface along the protected face. The 25.4 mm (1”) layer represented a
pour-on application and, as such, would most likely be applied to panels individually. As a
result, this polyurea thickness was modeled as individual layers on each panel with a 9.5 mm
(3/8”) gap between them.
Although both Davidson et al. (2004, 2005) and Chen (2009) concluded that applying
polyurea coating to the unprotected face in addition to the protected face of the panel or wall did
not have significant effects on blast resistance, the benefit of applying a polyurea coating on both
faces was evaluated here for two reasons. First, this study evaluated a different, more brittle
material that may benefit more from addition of the polyurea on both faces with regards to the
blast source. In addition, a polyurea layer on the unprotected face may provide better protection
for bystanders against debris propelled through the air, providing a “net” that can contain
fragments on both sides of the panel. Thus, a polyurea thickness of 3.2 mm (~1/8”) was applied
to both the unprotected and protected faces of the cladding panel to examine the influence on
fragmentation of the granite panels. This thickness was chosen to allow for direct comparison to
the parametric case with a 6.4 mm (1/4”) thick polyurea coating on the protected face that had
similar mass and stiffness.
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6.4 Parametric Cases
The selected parameters were combined so that each polyurea case was evaluated for
each cladding thickness under two blast loading conditions. A total of 15 specimens were
created, three of which were baseline specimens with no polyurea coating. Each model was
evaluated under two scaled distances, resulting in a total of 30 models being investigated
computationally as shown in Figure 6-1, where P and UP refer to polyurea application relative to
the explosive source (P – protected face, UP – unprotected face). The parametric case IDs are
listed in Table 6-1, where GX, PX, and BX are for the granite cladding thickness, polyurea
thickness and blast scaled distance, respectively.

Scaled Distance

Granite
Thickness

2.6 m/kg1/3 (6.5 ft/lb1/3)

5.1 cm (2")

3.3 m/kg1/3 (8.2 ft/lb1/3)

12.7 cm (5")
25.4 cm (10")

Polyurea
Thickness/Location
No polyurea
3.2 mm (1/8")/P
6.4 mm (1/4")/P
25.4 mm (1")/P
3.2 mm (1/8")/UP & P

Figure 6-1 Model parameters
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Table 6-1 Parametric Case IDs
Parametric Case ID
G1-P1-B_
G1-P2-B_
G1-P3-B_
G1-P4-B_
G1-P5-B_
G2-P1-B_
G2-P2-B_
G2-P3-B_
G2-P4-B_
G2-P5-B_
G3-P1-B_
G3-P2-B_
G3-P3-B_
G3-P4-B_
G3-P5-B_

Granite Thickness
5.1 cm (2")
5.1 cm (2")
5.1 cm (2")
5.1 cm (2")
5.1 cm (2")
12.7 cm (5")
12.7 cm (5")
12.7 cm (5")
12.7 cm (5")
12.7 cm (5")
25.4 cm (10")
25.4 cm (10")
25.4 cm (10")
25.4 cm (10")
25.4 cm (10")

Polyurea Thickness
No polyurea
3.2 mm (1/8")/P
6.4 mm (1/4")/P
25.4 mm (1")/P
3.2 mm (1/8")/UP & P
No polyurea
3.2 mm (1/8")/P
6.4 mm (1/4")/P
25.4 mm (1")/P
3.2 mm (1/8")/UP & P
No polyurea
3.2 mm (1/8")/P
6.4 mm (1/4")/P
25.4 mm (1")/P
3.2 mm (1/8")/UP & P

6.5 Effect of Panel and Polyurea Thickness
6.5.1 Cladding Wall Response
Elevations of the pristine cladding wall are illustrated in Figures 6-2 and 6-3 for the
unprotected (UP) and protected (P) faces, respectively. The 9.5 mm (3/8”) gap has been
disproportionally shown to illustrate the 24 individual cladding panels.
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Granite Panels

9.5 mm (3/8”) gap

Figure 6-2 Pristine elevation view (UP)
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9.5 mm (3/8”) gap

Polyurea Coating

Connections

Figure 6-3 Pristine elevation view (P)
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Examination of cladding wall elevations similar to those shown in the previous figures
following the blast simulation provided an initial filter for determining which parametric cases in
Table 6-1 were in the process of collapsing. Based on these qualitative examinations, cladding
walls having thicknesses of 5.1 cm (2"), or cases having a G1 designation in Table 6-1, were
eliminated from further evaluation due to evidence of collapse under the larger blast scaled
distance and with the thickest polyurea coating. This is demonstrated in Figure 6-4, which shows
severe erosion of the granite exposing the polyurea coating. It was concluded that further
evaluating walls using this “thin” cladding was unnecessary and they were eliminated from
further study.
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Granite
Cladding

Polyurea
Coating

Figure 6-4 Post-blast elevation view, G1-P4-B1 (UP)
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The remaining cladding walls were each qualitatively evaluated to help identify any
additional cases that exhibited behavior indicative of failure. G2-P2-B2, G2-P3-B2, and G2-P4B2, which represent the 12.7 cm (5”) thick cladding walls having varying thicknesses of
polyurea coating and acted on by a blast with a scaled distance of 2.6 m/kg1/3 (6.5 ft/lb1/3),
experienced severe damage to the granite material. These walls were qualitatively similar to that
shown in Figure 6-4 and their elevation views are found in Appendix A.
It was observed for G2-P1-B1, G2-P1-B2 and G3-P1-B2, none of which have a polyurea
coating, that erosion of the granite was concentrated near the support connections. Each
individual cladding panel was more intact after the blast event but was unable to support
gravitational loads and subsequently would most likely collapse. G3-P1-B2 is shown in Figures
6-5 and 6-6 to illustrate this response. Similar results are shown for the other aforementioned
cladding walls in Appendix A.
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Pristine:

Post-blast:

Cladding
panels mostly
intact
Connections

Figure 6-5 Pre- and post-blast side elevation view, G3-P1-B2
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Panels mostly intact

Erosion at
supports

Figure 6-6 Post-blast elevation view, G3-P1-B2 (UP)
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As shown in Figure 6-7, this cladding wall’s resultant velocity was not approaching zero at the
conclusion of the model run time, which supported the conclusion that the cladding panels were
dislodged from their supporting connections and collapse was imminent.

Resultant Velocity (mm/s 10-3)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
0.00

0.05

0.10

0.15

0.20

Time (s)
Figure 6-7 Resultant velocity, G3-P1-B2
G3-P1-B1, a 25.4 cm (10”) thick cladding wall acted on by a blast with a scaled distance
of 3.3 m/kg1/3 (8.2 ft/lb1/3) was the only uncoated wall that did not collapse or experience
significant damage. The mass and stiffness of the granite cladding itself was sufficient to prevent
significant damage or collapse and any added resistance from the polyurea coating, at any
thickness, was unnecessary.
For the remaining cladding walls that did not experience failure or collapse, the polyurea
effectively prevented failure or collapse and an increase in polyurea thickness was shown to
decrease damage to the granite cladding. As shown in Figure 6-8, the cladding wall remained
largely intact after the blast for G3-P2-B2, a 25.4 cm (10”) thick cladding wall having 3.2 mm
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(1/8”) of polyurea coating and acted on by a blast with a scaled distance of 2.6 m/kg1/3 (6.5
ft/lb1/3). Evidence of the decrease in the amount of granite that eroded as the polyurea coating
thickness was increased is further illustrated in Figure 6-9 for G3-P4-B2, a 25.4 cm (10”) thick
cladding wall having 25.4 mm (1”) of polyurea coating and acted on by a blast with a scaled
distance of 2.6 m/kg1/3 (6.5 ft/lb1/3). Images of the post-blast conditions of the protected face,
unprotected face and side elevation views for each cladding wall is found in Appendix A.
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Granite erosion, exposed polyurea
coating

Figure 6-8 Post-blast elevation view, G3-P2-B2 (UP)
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Figure 6-9 Post-blast elevation view, G3-P4-B2 (UP)
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The polyurea’s behavior during the blast event was also qualitatively examined through
observations of its post-blast condition. For some of the cladding walls, granite fragments
breached and tore through the polyurea layer as illustrated in Figure 6-10. In addition, bond
failure between the polyurea and granite was observed in G2-PX-B2, the 12.7 cm (5”) thick
cladding walls having varying thicknesses of polyurea coating and acted on by a blast with a
scaled distance of 2.6 m/kg1/3 (6.5 ft/lb1/3). Breaching and bond failure, shown in Figure 6-11,
was most significant for G2-P4-B2, where the 25.4 mm (1") polyurea coating was modeled
discontinuously with a 9.5 mm (3/8”) gap between the panels to better represent the pour-on
application that would likely be required to obtain this thickness. With the exception of this
parametric case, the gap in polyurea coating between the cladding panels, denoted as P4 in the
relevant parametric cases in Table 6-1, did not noticeably affect the ability of the coating to
contain the fragmented panels. For the other test cases, both breaching and bond failure were
minimal and were not observed to cause noticeable failure of the polyurea coating.
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Breaching of
granite fragments
through polyurea

Figure 6-10 Post-blast elevation view, G2-P4-B2 (P)
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Separation of
polyurea coating

Figure 6-11 Post-blast side elevation view, G2-P4-B2
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The lack of a noticeable difference in effectiveness of the polyurea coating when it does
or does not include a gap between each cladding panel was attributed to the connections, which
eliminated continuity between panels and allowed them to behave independently in flexure. This
finding is supported by the two-way flexural response observed in each panel during the blast
event. Figures 6-12 and 6-13 show magnified deformed shapes of the cladding wall from the top
and side very shortly after the arrival of the blast pressures. Due to symmetry, only half of the
wall is shown from the top in Figure 6-12, with the plane of symmetry marked with a dashed
line. These figures show the flexural response relative to each panel.

Pristine

0.015 s

0.025 s

Figure 6-12 Plan deflected shape
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Pristine

0.015 s

0.025 s

Figure 6-13 Side deflected shape
The effectiveness of the polyurea coating for limiting fragmentation was also
quantitatively analyzed by quantifying the volume of eroded granite. Table 6-2 presents the
percent of eroded granite material for the parametric cases calculated as a function of the total
volume of granite in LS-DYNA. Cladding walls that failed or collapsed are identified using bold
text. Of this group, G2-P2-B2, G2-P3-B2, and G2-P4-B2, the 12.7 cm (5”) thick cladding walls
having varying thicknesses of polyurea coating and acted on by a blast with a scaled distance of
2.6 m/kg1/3 (6.5 ft/lb1/3), experienced severe erosion (+65%) of the granite material, as shown
qualitatively in Figures 6-4 and 6-11. For the remaining parametric cases shown in bold, the
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percent of eroded volume was less than 20% but failure or collapse appeared likely due to the
loss in gravitational support as discussed. This decrease in eroded granite compared to those
cases coated with polyurea is due the stress concentration at support locations. The failure is
more intense but localized at the corners of each panel.
Table 6-2 Percent of granite material erosion at 0.2 s
Parametric Case ID
Blast ID
G2-P1
G2-P2
G2-P3
G2-P4
G3-P1
G3-P2
G3-P3
G3-P4_

B1

B2

17.89%

15.56%

16.55%

67.11%

16.00%

78.94%

9.79%

88.16%

0.05%

14.60%

0.00%

7.26%

0.00%

5.90%

0.00%

1.03%

For the remaining parametric cases presented in the table that survived the applied blast,
the percent of eroded volume further supported the effectiveness of applying polyurea and
increasing its thickness. The increase in coating thickness from 3.2 mm (1/8”) to 25.4 mm (1”)
decreased the percent of eroded volume from 16.6% to 9.8% for parametric cases G2-PX-B1, the
12.7 cm (5”) thick cladding walls acted on by a blast with a scaled distance of 3.3 m/kg1/3 (8.2
ft/lb1/3). For parametric cases G3-PX-B2, the 25.4 cm (10”) thick cladding walls acted on by a
blast with a scaled distance of 2.6 m/kg1/3 (6.5 ft/lb1/3), a similar increase in polyurea coating
thickness decreased the eroded volume percentage from 7.3% to 1.0%.
To further examine the effectiveness of applying polyurea to assist with blast resistance,
displacements were tracked to ascertain whether the polyurea aided in limiting the maximum and
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final displacements. A representative plot of the displacement time–histories is shown in Figure
6-14. As shown in the figure, the peak displacement was followed by a rebound, or decrease to a
constant displacement by 0.2 seconds. As such, the displaced position of the wall at 0.2 seconds
was used as the final value for comparison. In addition to showing these displacements in the
figure, the resultant velocity (summed velocities in each direction) is also shown to illustrate that
the cladding wall’s velocity approached and remained near zero following the blast, supporting
the conclusion that the wall reached its final position at this point. Displacement and velocity
time–history plots were similar for each model that did not result in failure or collapse and can
be found in Appendix B along with those for the walls indicating failure or collapse, which show
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Figure 6-14 Representative displacement and velocity time–history plots, G2-P3-B1
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Maximum displacements during the 0.2 second analysis time are listed in Table 6-3 for
cladding walls that did not collapse. It appeared that increasing polyurea thickness slightly
decreased maximum displacements, with the greatest decrease demonstrated for G2-PX-B1, the
12.7 cm (5”) thick cladding walls having varying thicknesses of polyurea coating that were acted
on by a blast with a scaled distance of 3.3 m/kg1/3 (8.2 ft/lb1/3). The specimen coated with 25.4
mm (1”) of polyurea displaced 7.4 mm (0.3”) less than that coated with a 3.2 mm (1/8”) of
polyurea.

Table 6-3 Maximum displacements
Parametric Case ID
B1

B2

36.7 mm (1.4”)
34.4 mm (1.4”)
29.3 mm (1.2”)
9.3 mm (0.4”)
9.4 mm (0.4”)
9.4 mm (0.4”)
8.8 mm (0.3”)

25.2 mm (1.0”)
25.4 mm (1.0”)
23.2 mm (0.9”)

Blast ID
G2-P1-B_
G2-P2-B_
G2-P3-B_
G2-P4-B_
G3-P1-B_
G3-P2-B_
G3-P3-B_
G3-P4-B_

Final displacements for the surviving cladding walls are shown in Table 6-4. This table
indicates that the larger, 25.4 cm (10”) wall did not rebound as much as the 12.7 cm (5”) due to
its increased mass. No trends are noted for final displacements based on changes in polyurea
coating thickness.
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Table 6-4 Final displacements
Parametric Case ID
B1

B2

19.5 mm (0.8”)
15.8 mm (0.6”)
23.0 mm (0.9”)
8.8 mm (0.3”)
8.9 mm (0.4”)
8.8 mm (0.3”)
8.2 mm (0.3”)

23.4 mm (0.9”)
22.9 mm (0.9”)
21.4 mm (0.8”)

Blast ID
G2-P1-B_
G2-P2-B_
G2-P3-B_
G2-P4-B_
G3-P1-B_
G3-P2-B_
G3-P3-B_
G3-P4-B_

The final method for ascertaining if polyurea effectively enhanced blast resistance of the
cladding wall was to evaluate the global kinetic energy imposed on the wall by the blasts. This
energy involved translation and rotation of the cladding wall, which ideally is minimized for the
granite cladding so that erosion and fragmentation is limited and dissipated via strain energy
absorbed during deformation of the polyurea. Figure 6-15 is a chart that summarizes peak global
kinetic energies for each parametric case, with parametric cases that were ascertained to have
failed or collapsed differentiated from those that survived the blast. It can be observed that the
kinetic energy did not exceed 10 kJ (7.4ft–kips) in walls that remained standing after the blast,
indicated by the failure threshold on the plot. Generally, the addition of polyurea decreased the
kinetic energy in the system when specimens having the thinnest, 3.2 mm (1/8”) coating (P2) are
compared against those without polyurea (P1). As polyurea thickness increased, total kinetic
energy was observed to remain relatively constant.
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G2-P1-B1
G2-P2-B1

Failure Threshold

G2-P3-B1
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G2-P1-B2
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Figure 6-15 Kinetic energies for each parametric case

6.5.2 Force Transfer
Axial forces in the critical cladding support connection were identified to evaluate the
effect that application of polyurea to the cladding had on loads transferred to the building frame.
The location of the critical connection, defined as the one having the greatest peak load, varied
between each parametric case due to different levels and locations of damage between each
parametric case. Figure 6-16 illustrates a representative axial force time–history plot for the
critical connection for Parametric Case G3-P4-B2, where negative forces denote compression in
the connections.
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Figure 6-16 Representative axial force time–history, G3-P4-B2
Figure 6-17 compares peak, compressive axial stresses at the critical connection for each
parametric case with the cases resulting in failure or collapse differentiated from those that
survived the blast event. The axial force was converted into stress by dividing the force by the
cross sectional area of the connection, equal to 0.4 mm2 (6.2 x 10-4 in2), to facilitate comparison
of results to the reported yield strength common to granite cladding connections, Grade 316
stainless steel having a reported yield strength of 205 MPa (30 ksi) (ASTM C1242-12), which
was never exceeded, as shown in Figure 6-18. The figure also indicates that the addition of
polyurea increased axial stresses in the critical connections, signifying that load transfer
increased as erosion of the granite decreased. This increase is most significant for G3-PX-B2, the
25.4 cm (10”) thick cladding walls having varying thicknesses of polyurea coating and acted on
by a blast with a scaled distance of 2.6 m/kg1/3 (6.5 ft/lb1/3). Here, the axial stress increased from
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61.8 MPa (9.0 ksi) to 74.5 MPa (10.8 ksi), or approximately 20 %, for the cladding wall having a
3.2 mm (1/8”) coating when compared against that with a 25.4 mm (1”) coating. Although the
percentage increase was large, the stress was still well below yield, suggesting that an adverse
effect was created by coating the cladding with polyurea, but that this effect was not enough to
negate the benefit of decreasing erosion of the granite cladding.
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Figure 6-17 Axial stress in critical connection for each parametric case
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6.6 Effect of Polyurea Location
The results from the parametric cases where polyurea coating was applied to the
unprotected face in addition to the protected face, denoted using P5 in Table 6-1, are presented in
this section. A 3.2 mm (1/8”) polyurea coating was applied on each face, totaling 6.4 mm (1/4”)
of thickness. For this reason, each case was compared to a similar cladding wall having a 6.4 mm
(1/4”) coating on the protected face (P3) because these cases had similar stiffness and mass.
Comparisons would, subsequently, allow for influence of the coating’s location on blast
resistance to be clearly identified.
6.6.1 Cladding Wall Response
Final deformed shapes for parametric cases having polyurea on both faces (P5) generally
exhibited similar behavior to those coated on the protected face. Qualitatively, G2-P5-B1, a 12.7
cm (5”) thick cladding wall having 3.2 mm (1/8”) of polyurea coating on both faces and acted on
by a blast with a scaled distance of 3.3 m/kg1/3 (8.2 ft/lb1/3), as well as G3-P5-BX, a 25.4 cm
(10”) thick cladding wall with both blast scaled distances, were similar in level and location of
fragmentation to their respective cases with the 6.4 mm (1/4”) coating on the protected face (P3).
The addition of a polyurea layer on the unprotected face for G2-P5-B2, a 12.7 cm (5”) thick
cladding wall having 3.2 mm (1/8”) of polyurea coating on both faces and acted on by a blast
with a scaled distance of 2.6 m/kg1/3 (6.5 ft/lb1/3), did help mitigate fragmentation when
compared against G2-P3-B2, a cladding wall having the same dimensions and a 6.2 mm (1/4”)
coating applied to the protected face. Results indicated that the wall failed but qualitative
examination of results suggested that polyurea on the unprotected face contained the fragments,
as illustrated in Figure 6-18. Breaching of the granite elements into the polyurea coating did
occur on the unprotected face, similar to that presented in Section 7.2.1 for the protected face.
Additional, images of the GX-P5-BX parametric cases are found in Appendix A. It should be
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noted that an additional view of the unprotected face without the polyurea coating is included to
illustrate the condition of the granite panels beneath the coating.
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Granite
fragments

(B) G2-P5-B2

(A) G2-P3-B2

Figure 6-18 Comparison of fragmentation for G2-P3-B2 and G2-P5-B2
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Displacements, total kinetic energy and transferred axial forces did not vary significantly
between the P3 and P5 cases, suggesting that polyurea coating location did not appreciably
influence these quantities. However there was a 10% decrease in the percent of eroded granite in
G2-P5-B2, a 12.7 cm (5”) thick cladding wall having 3.2 mm (1/8”) of polyurea coating on both
faces and acted on by a blast with a scaled distance of 2.6 m/kg1/3 (6.5 ft/lb1/3), when compared
against the same cladding wall with 6.4 mm (1/4”) of polyurea coating on the protected face.
Tables and figures presenting these results are shown in Appendix C.

6.7 Conclusions
A parametric study that evaluated the influence of granite cladding thickness, polyurea
coating thickness and coating location on blast resistance was discussed in this chapter. Results
were evaluated qualitatively to ascertain damage levels and locations for each cladding wall
described in the parametric study. Quantitative measures of the eroded granite material,
maximum and final displacements, total kinetic energies and axial forces in the connections were
then presented for the walls to further determine the effectiveness of polyurea in improving
granite cladding blast resistance.
An initial examination of behavior involved qualitative assessment of the level of damage
imparted onto the cladding wall during the blast event. The 5.1 cm (2”) thick granite cladding,
the thinnest walls that were studied, were eliminated from further evaluation after collapse was
apparent for Parametric Case G1-P4-B1, the “thin” cladding wall having the greatest polyurea
thickness and acted on by a blast at the largest blast scaled distance. Additional examination of
the thicker cladding walls indicated failure when no polyurea coating was applied, with
Parametric Case G3-P1-B1, having the greatest cladding wall thickness of 25.4 cm (10”)
subjected to the less intense blast being the lone exception. This cladding wall exhibited
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sufficient resistance to the blast due to its shear mass and stiffness. The remaining non-coated
walls did not experience high levels of granite material erosion, however, erosion was highly
concentrated at the connection locations and collapse appeared imminent under gravitational
loading due to a loss of support. Parametric cases having the 12.7 cm (5”) cladding walls
experienced severe fragmentation under the more intense blast for all polyurea thicknesses.
In general, polyurea proved beneficial with respect to preventing damage and, ultimately,
collapse of the granite cladding walls that were examined. These results were most clearly
evident by examining decrease in erosion of the granite material as polyurea thickness was
increased. For the 12.7 cm (5”) thick granite cladding subjected to less intense air blasts (G2-PXB1 in Table 6.1), the percent eroded granite decreased from 18% to 10% when uncoated
cladding walls were compared to cladding walls having 25.4 cm (1”) of polyurea coating on the
protected face. An even greater decrease of eroded volume (15% to 1%) was demonstrated in the
25.4 cm (10”) cladding walls subjected the most intense air blast that was studied, one with a
scaled distance of 2. 6 m/kg1/3 (6.5 ft/lb1/3).
While granite erosion levels changed with the addition of polyurea for many of the
parametric cases in Table 6.1, cladding maximum and final displacements along with kinetic
energies in the cladding wall remained largely constant. The only significant changes observed in
these quantities was when cladding walls without polyurea and those having the thinnest, 3.2 mm
(1/4”), polyurea coating evaluated in this study. Here, the coating prevented failure and
contained the granite fragments.
Through an analysis of the loads transferred into the support connections and resulting
axial stresses that were generated, it was concluded that the application of polyurea increased
axial stresses due to a resulting increase in stiffness but not excessively. In addition, the
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increased axial stresses still did not exceed the assumed yield strength for Grade 316 stainless
steel, the specified material for granite cladding connections and were not significant enough to
counteract the overall benefit of applying the polyurea with regards to limiting damage to the
granite material and containing the granite fragments.
The evaluation of the influence of polyurea coating location on effectively resisting blast
was largely insignificant. This meant that application of polyurea coating to both the unprotected
face and protected faces of the cladding was not shown to appreciably influence the coatings
effectiveness when compared against the parametric cases having a similar mass and stiffness.
For the walls that failed, eroded volume was decreased by 10% and granite fragments were better
contained by the coating. Assuming that a cladding structure is designed to the resist blast
loading, applying polyurea on both faces does not enhance blast resistance.
Lastly, qualitative observations of the parametric cases indicated that, for each coated
cladding wall that was examined, the polyurea remained largely intact. Bond failure between the
granite and polyurea and breaching of granite fragments through the polyurea coating were
observed in some parametric cases, however, these items did not influence the overall ability of
the polyurea to mitigate failure of the granite cladding.
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Chapter 7 Conclusions
Research summarized herein evaluated the effectiveness of applying a polyurea coating
to granite cladding, primarily used as architectural facade elements for buildings, to enhance its
blast resistance while mitigating fragmentation. Findings from previous studies have validated
the effectiveness of applying polyurea to improve blast resistance of steel and concrete members
used for various structural applications but no research was located that evaluated the
effectiveness of applying polyurea to granite cladding.
The primary objectives of this study were to investigate the ability of polyurea to reduce
granite cladding damage and fragmentation while still allowing it to absorb the energy from an
air blast. In addition, the subsequent effect that polyurea application had on load transfer to
structural framing was also assessed. To achieve this goal, experimental and computational
studies were performed. The experimental portion consisted of material property testing of
granite to define parameters used for constitutive modeling. The computational portion included:
construction of a the polyurea-coated, granite cladding model subjected to simulated blast
pressures; validation of the model against data from published literature; and a parametric study
that examined the effects of cladding and polyurea coating thickness, coating location relative to
the explosive charge and blast scaled distance on overall blast resistance and levels of granite
erosion and fragmentation.

7.1 Findings
Completion of the study indicated that, for the parametric cases that were examined:


Polyurea improves the blast resistance of granite cladding walls, particularly with respect
to decreasing the volume of destroyed (eroded) or ejected granite as coating thickness
increased.
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Increasing polyurea thickness beyond the minimum value studied, 3.2 mm (1/8”), had
insignificant influence on displacements and kinetic energies.



Applying polyurea to both the protected and unprotected faces relative to the explosive
source was not beneficial for walls that survived the blast events. However, when erosion
was severe and failure was imminent, an additional polyurea layer aided with containing
granite fragments.



Force transfer from the granite cladding to supporting connections was increased when
polyurea coating was applied; however, this increase was not significant enough to
negate benefits that polyurea provided with respect to mitigating granite erosion and
fragmentation.

7.2 Recommendations for Future Work
Recommendations for future work that would augment findings from the current study
include:


Experimental testing and validation of the performance of polyurea coated granite
cladding walls are needed to improve model accuracy and results.



Continued optimization of cladding and polyurea coating thickness parameters as related
to blast scaled distance is needed.



Additional evaluation of how polyurea coating methods (spray and pour) affect
performance and interaction with granite when subjected to an air blast.
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Appendix A Finite Element Model Results
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Appendix B Displacement and Velocity Time–Histories
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Table C-1 Percent of granite material element erosion at 0.2 s
Parametric Case ID
Blast ID
G2-P3-B_
G2-P5-B_
G3-P3-B_
G3-P5-B_

B1
16.00%
15.81%
0.00%
0.00%

B2
78.94%
68.36%
5.90%
6.70%

Table C-2 Maximum displacements
Parametric Case ID
B1

B2

34.4 (1.4”)
34.5 (1.4”)
9.5 mm (0.4”)
9.3 mm (0.4”)

25.4 mm (1.0”)
24.8 mm (1.0”)

Blast ID
G2-P3-B_
G2-P5-B_
G3-P3-B_
G3-P5-B_

Table C-3 Final displacements
Parametric Case ID
B1

B2

15.8 mm (0.6”)

-

20.0 mm (0.8”)

-

8.8 mm (0.3”)

22.9 mm (0.9”)

8.8 mm (0.3”)

22.7 mm (0.8”)

Blast ID
G2-P3-B_
G2-P5-B_
G3-P3-B_
G3-P5-B_
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Figure C-2 Comparison of axial forces
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