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Abstract

Masonry is one of the most commonly used materials in building construction throughout
the world. Unreinforced masonry (URM) walls typically have very low flexural
capacities and tend to posses brittle failure modes. Due to brittle nature of URM walls, it
is critical to predict the behaviour of the wall when exposed to extreme out of plane
loadings such as blast loads. An effective way to enhance the ability of unreinforced
masonry walls to withstand blast loads and consequently to limit the amount of wall
damage is imposing arching mechanism on the wall. Since carrying out physical
experiments to study the response of URM walls subjected to blast load is both dangerous
and expensive, finite element modeling has become more attractive to researchers. In this
research, an unreinforced one-way arching wall is simulated using the finite element
program LS-DYNA and its behaviour subjected blast loading is studied. The model is
constructed based on the data recorded earlier during a physical blast experiment. Close
agreement was observed between the numerical and experimental results which validated
the developed model. A sensitivity study is then performed where the influence of
variation of some input parameters such as mortar strength, coefficients of friction, scaled
distance, boundary condition, wall height and the effect of two-way arching action on the
wall’s response is evaluated. The most influential parameters in this study found to be the
scaled distance, wall height and two-way arching action. Smaller scaled distances result
in high deflection and as the scaled distance increases the maximum deflection decreases.

The wall height also significantly affect the wall’s response to blast loads, i.e. the taller



the wall the larger the maximum displacement. It is also concluded that two-way arching

action can significantly reduce the wall’s maximum deflection.
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1. Introduction

1.1. General

Many structures experience catastrophic damages due to aircraft crashes, petro-chemical
explosions, nuclear leakage, etc. which result in large dynamic loads much greater than
the structures’ original design loads. In addition to the ever-present threat of these
accidental extreme loading events, due to rapid development of conventional and non-
conventional explosive materials, many government and military structures, as well as
common and crowded public facilities, have been targeted by intentional blast events in
the past few decades. Due to the threat from such extreme loading conditions,
considerable attention has been brought to developing methods for the structures to be
able to resist blast loads.

Masonry structures comprise a significant portion of the buildings worldwide most of
which are constructed with unreinforced masonry blocks. Unreinforced masonry
structures have low resistance to out of plane blast loading due to their low flexural
capacity and as a result will experience brittle failure modes. Hence, masonry
components in high risk facilities must be reinforced to withstand blast loads. Newly
constructed buildings could be designed to resist blast loads. However, strengthening
existing unreinforced masonry structures to enhance their blast-resistance capacity
remains challenging. Enforcing arching action to unreinforced masonry walls is a cost
effective technique which significantly improves their performance under blast loads. In

order to test the arching mechanism, blast tests have been conducted over the past few

1
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decades. However, performing these tests is not only costly and dangerous but also
critical information is sometimes difficult to record even with the most sophisticated high
speed cameras and gauges due to debris and dust resulting from the explosion. In
addition, there are always some limitations involved regarding blast tests such as the
charge weight or the standoff distance. Therefore, development of finite element models
that could accurately capture the behaviour of the structure under blast has become

imperative for predicting the failure mechanisms.

1.2. Objectives

The objectives of this research can be broken down into three major components:
e Development of a finite element model for studying the behaviour of one-way
unreinforced masonry arching walls subjected to blast loads.
e Use the results from the blast test based on which the finite element model is
constructed to verify the accuracy of the model’s predictions.
e Perform an input sensitivity study to investigate the effects of variations of

different parameters on the wall’s blast response.

1.3. Scope and Methodology

The scope of this research includes the development of finite element model for a one-
way unreinforced masonry arching wall that could accurately predict the wall’s response
subjected to blast loads. The model is based on the data from a field blast test (Abou-
Zeid et al., 2010) and is constructed using an advanced general purpose finite element

modeling program developed by Livermore Software Technology Corporation (LSTC)
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called LS-DYNA (LSTC, 2006). The input file is created using finite element software
ETA/VPG version 3.4 (ETA, 2011) as the pre-processor released by Engineering
Technology Associates, Inc. (ETA) that comes with LS-DYNA software package. The
input file created by ETA/VPG is analyzed using LS-DYNA solver and the produced
results are then imported to LS-DYNA'’s advanced pre and post-processor LS-PrePost to
generate fringe plots and response diagrams (LSTC, 2011). The finite element model is
validated using the field test data. The comparisons between the numerical and
experimental results are based on the mid-height displacements. Following the validation
process a parametric study is conducted to investigate the influence of variations of some
input parameters on the wall’s displacement response. The parameters investigated
within the scope of this study include mortar strength, coefficients of friction, scaled
distance, boundary conditions, wall height as well as the effect of two-way arching. The
sensitivity analysis is carried out by means of investigating the changes observed in the

mid-height displacement response plots.

1.4. Thesis Organization

This thesis consists of 6 chapters. Chapter 1 identifies the objectives, scope, methodology
and the organization of the dissertation. Chapter 2 is aimed to provide a literature review
about the main topics on which this research is based: masonry (unreinforced masonry in
particular), blast loading and finite element modeling. Chapter 3 is dedicated to the
development of a finite element model based on an actual blast test. This chapter
discusses all the components involved in the modeling process such as the units,
geometry and dimensions, parts, material model selection, elements, hourglass, contact

3
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surfaces, boundary conditions and loadings. In Chapter 4, the finite element model
developed in Chapter 3 is validated by means of comparing its results to the results
obtained experimentally. The comparison is based on the behaviour of the wall in terms
of mid-height displacements. Once the validity of the finite element model is verified, a
parametric study is performed in Chapter 5 where the model built in Chapter 3 is taken as
the baseline model and the effects of variation of some input parameters on the behaviour

of the wall is evaluated. Conclusions and recommendations are provided in Chapter 6.
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2. Background and Literature Review

The current chapter aims to provide brief descriptions on different aspects of this study:
Section 2.1 provides a brief background about masonry structures, general properties and
their performance under loads. In Section 2.2 blast loads, properties of blast waves and
structural response to blast waves are reviewed. Section 2.3 focuses on the behaviour of
unreinforced masonry structures subjected to blast loading. Section 2.4 summarizes the
common finite element approaches that have been developed in the past few decades to
model unreinforced masonry structures under blast and the selected method in the current

study.

2.1. Masonry Construction

One of the most commonly used construction materials is masonry. There is a wide range
of variety for the application of masonry. It could be used for construction of load
bearing walls, partition walls, or as infill in the exterior frames of building structures and
many other applications. The most important characteristics of masonry include its
simplicity, aesthetics, versatility, durability, low maintenance, sound absorption and fire

protection.

2.1.1. General Properties

Masonry is a heterogeneous material composed of units and mortar joints that are
typically arranged in a very regular manner. Bricks and concrete blocks are the most
commonly used masonry units. Distinct directional properties of masonry are due to the

arrangement of units and most importantly the mortar joints which act as planes of

5
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weakness. This is the reason for typical crack initiation in mortar joints as opposed to the

units.

2.1.2. Types of Masonry Construction

A masonry structure could be either unreinforced or reinforced. Masonry in general is
strong in compression but weak in tension. Unreinforced masonry (URM) is commonly
used in low-rise and medium rise buildings in areas with low seismic activities. Due to
the absence of any kind of reinforcements in URM structures, the load resistance of the
structures is solely dependent on the masonry strength. As mentioned earlier, in contrast
to its impressive compressive strength, masonry’s tensile strength is quite low. This
means that in seismically active areas or in any other situation where the lateral loads
could potentially increase and lead to the increase of tensile stresses, unreinforced
masonry would not be adequate to use any longer. Therefore reinforced masonry (RM)
must be used in which the reinforcement is incorporated in masonry in order to improve
its tensile stress resistance. Reinforced masonry structures have higher ductility
compared to unreinforced masonry structures. The use of reinforcement allows for
designing much thinner walls. There are two types of reinforcements, vertical and
horizontal.

When a masonry wall is under lateral load, masonry experiences tensile stresses. With
the increase of lateral loads, flexural cracks develop near the base of the wall. In such
situations, vertical reinforcement is used to help resisting the bending moment at the base
of the wall. In the absence of vertical reinforcement, the tensile stress is resisted mainly
by the resultant compressive force in masonry. However, when there are vertical

6
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reinforcements, the tensile stress is resisted both by the resultant compressive force in the
masonry and the tensile forces in reinforcements which explains why RM has higher
ductility than URM. Reinforced and unreinforced masonry could be ungrouted, partially
grouted, or fully grouted. Fully grouted reinforced masonry generally performs better in
providing adequate strength and ductility.

Masonry walls may also need to be equipped with horizontal reinforcements. In case of
high shear forces near the base of the wall, diagonal tension is produced in the masonry
resulting in diagonal cracks. In such situations horizontal reinforcements must be used in
order to prevent the diagonal tension in the masonry wall from exceeding the allowable

value (Drysdale and Hamid, 2005).

2.1.3. Arching Action in Unreinforced Masonry

Unreinforced masonry has low tensile capacity. When reinforcements are incorporated in
the masonry, the tensile failure would be characterized by yielding the vertical
reinforcement which will result in a ductile and therefore a preferred mode of failure. In
the contrast, when structures incorporating unreinforced masonry walls are subjected to
extreme lateral loadings such as blast, catastrophic failures can be caused. In such
situations a brittle non-ductile failure would occur where the masonry units break apart
and enter the building with high velocities and potentially injure occupants. In order to
prevent such catastrophic damages, improving the performance of unreinforced masonry
structures during seismic or blast events are important to public safety (Drysdale and
Hamid, 2005; Moradi et al., 2008). Arching action is an effective way of enhancing the
out of plane capacity of unreinforced masonry walls. McDowell et al. (1956) carried out

7
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the earliest in-depth investigation of the arching action of unreinforced masonry wall.
McDowell et al. (1956) noted that under a certain condition where the walls were butted
against supports that were essentially rigid, the masonry walls exhibited much larger load
carrying capacity than those obtained by conventional bending analysis from simply
supported walls. This theory assumes that after the development of cracks at the ends and
the centre of the wall, the wall will be divided into two sections. These two sections will
behave as rigid segments each rotating at its end (at the support) until either the masonry
crushes at the support or the wall completely snaps in the middle. Figure 2-1 shows the

typical arching mechanism.

-—

Crack

= ~  Imtiates

Opens

=
IEEEREERERE

Figure 2-1. Arching mechanism (Moradi et al., 2008)

The advantage of arching behaviour in addition to resulting in smaller deflection is that if
the wall collapses, it does not break into multiple high speed pieces and most likely only

the two rigid sections will fall down. Also, since the fragment size is larger, the ejection
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distance is much smaller as opposed to the cases where the wall shatters into many small
fragments and hence there will be less potential damage to the occupants.

Following McDowell et al. (1956) proposed arching theory, many researchers have
conducted different tests and validated the arching theory experimentally, analytically or
numerically (Dawe and Seah, 1989; Gabrielsen et al., 1975; Henderson et al., 2003;

Wilton and Gabrielsen, 1973).

2.2. Blast Loading

In the recent years blast resistant structures have drawn the attention of many designers.
Blast resistance has become a highly valuable characteristic for some structures especially
governmental buildings. The following sections aim to provide an overview of the
history of explosives and describe the nature of explosions, formation of blast waves and

blast wave parameters.

2.2.1. Explosions

There are many dictionary definitions for explosions such as:
e Dbursting noisily,
e asudden loud violent release of energy,
e undergoing a rapid chemical or nuclear reaction with the production of noise, heat,
and violent expansion of gases,
e Dursting violently as a result of pressure within.
However, a more scientific definition of explosion can be quoted from Strehlow and

Baker (Strehlow and Baker, 1976): “In general, an explosion is said to have occurred in
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the atmosphere if energy is released over a sufficiently small time and in a sufficiently
small volume so as to generate a pressure wave of finite amplitude traveling away from
the source. This energy may have originally been stored in the system in a variety of
forms; these include nuclear, chemical, electrical or pressure energy, for example.
However, the release is not considered to be explosive unless it is rapid enough and
concentrated enough to produce a pressure wave that one can hear. Even though many
explosions damage their surroundings, it is not necessary that external damage be
produced by the explosion. All that is necessary is that the explosion is capable of being
heard.”

It should be mentioned that the definition above refers to explosions in air. There are
three types of explosions: physical, nuclear or chemical explosions. The most commonly
used explosives are condensed. They could be solids or liquids. When an explosion
occurs, the explosive violently decomposes which produces heat and gas. If the explosive
is in contact with solid material the expansion of gas will generate shock pressures.
However, if this expansion happens in a non-solid medium such as air, what it will

generate is called blast waves (Mays and Smith, 1995)

2.2.2. Source Properties of Explosions

When a condensed high explosive detonates, hot gases in very high pressure and
temperature are generated. As the results of violent expansion of these hot gases, the
surrounding air is forced out of the volume it occupies. As a consequence a layer of
compressed air (blast wave) is formed in front of the gas volume which contains the most
energy released by the explosion (Hetherington and Smith, 1994). The properties of the

10
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blast waves such as strength and duration, are strongly affected by the characteristics of
the explosion source such as total energy (E), energy density (E/V, where V is the
volume), and the rate of energy release, i.e., power. There are four explosions sources
with high energy density and power that are usually referred to as ideal explosive sources.
These four ideal explosion sources are point source, nuclear weapon, laser spark, and
condensed phase explosives also known as high explosives. It has been found that the
blast waves resulted from these ideal explosives are dependent only on a single parameter
of the source and that is the total source energy. As was mentioned in the previous
section most of the experimental work about blast loading is revolved about the use of
high explosives. For this reason and also because the blast waves associated with high
condensed phase explosives are ideal blast waves, high explosives are the main focus of
researchers in studying blast loads. Most of the high explosives used for military or even
commercial purposes are solid in the room temperature. The most commonly used type
of solid high explosives is TNT which is used as the reference explosive in case of using
sources of explosions other than TNT (Baker et al., 1983). This means that the mass of
the charge used is converted into a TNT equivalent mass. In order to achieve this, the
mass of the explosive is multiplied by a TNT conversion factor. TNT conversion factors
are available for many of the explosives and are found by taking the ratio of the specific

energies (Mays and Smith, 1995).

2.2.3. Blast Waves Properties

In order to be able to explain blast waves, some parameters need to be defined. Figure
2-2 shows the expected form of an ideal blast wave from a high explosive.

11
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. Positive Phase

Pi+p,
2
= Negative phase
z P() SEER
=

P, <
P,-Ps
0 i |-
0 t,  t,tT* t T +T~

Figure 2-2. Ideal blast wave pressure-time profile (Baker, 1973)

The parameters in the pressure-time history in figure above are as follows:

e t,:arrival time

e T™:duration of the positive phase

e T~:duration of the negative phase

e P, :ambient pressure

e P peak side-on pressure (peak overpressure)

e P : peak under pressure
The blast wave produced by an explosion consists of a shock front in which the pressure
rises abruptly from the ambient pressure to the peak value, followed by an expansion
wave in which the pressure decays exponentially to the ambient pressure within a short
time. Then as the air cools down, the pressure drops below the ambient pressure which

causes suction. Eventually the pressure returns to the ambient pressure (Zalosh, 2003).
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The portion of the time history where the pressure is higher than the ambient pressure
(over pressure) is called positive phase and the portion where the pressure is below the
ambient pressure is called negative or suction phase. Load intensity in this time-varying
pressure loads is influenced by magnitude, shape and location of the detonation charge,
explosive material, stand-off distance, and geometry and orientation of the target
(Netherton and Stewart, 2009).

Another significant blast wave parameter is the specific impulse which is the area beneath
the pressure-time curve. The following equations define the impulse for positive and

negative impulses:

tq+TT

g=[" - Eq. 1
ta
tg+TH+T~

@=f [P, — p(D)]dt Eq. 2
ta+T+

The negative phase has a longer duration and its pressure has also lower intensity than the
positive phase. Therefore, most of the times, the negative phase is ignored and only the
parameters associated with the positive phase are considered. Thus, if in some cases there
IS not a positive or negative sign assigned to a parameter, it is referred to the positive
value (Strehlow and Baker, 1976).

The blast wave generated by an explosion travels rapidly from the point of burst with a
diminishing velocity Ugwhich is called the blast wave front velocity. The gas particles

behind the blast wave front travel at lower velocities ug, known as particle velocity.
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These particle velocities are associated with dynamic pressure whose maximum value is
denoted g, (Mays and Smith, 1995).

One of the most important parameters that should also be included in the dictionary of the
blast wave parameters is scaled distance. It is common to use scaled distance rather than
the standoff distance when dealing with blast waves. Scaled distance, Z, is defined as

(Baker, 1973):

= —W v

Where R is the standoff distance which is distance from the centre of the charge in meters
and W is the charge mass expressed in kilograms of TNT.
There are so many figures in different references such as Figure 2-3 that are used to

evaluate blast wave parameters as a function of scaled distance parameter.
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Figure 2-3. Side-on blast wave parameters for spherical charges of TNT (Mays and Smith, 1995)

2.2.4. ldealization of Pressure — Time Profile

Figure 2-2 in the previous section illustrated the typical form of the pressure-time history
of a blast wave in which the pressure-time curve is often described by an exponential
function. It was also mentioned that in most blast studies the negative phase is ignored.
One of the most commonly used equations describing the exponential decay of the

positive phase of the blast wave is Friedlander equation (Baker, 1973):

t —bt
P(t) = Py + P¢ (1 — F) exp (F) Eq. 4
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In this equation t is measured after arrival time and b is the wave front parameter. For
many purposes, even simpler approximations would produce satisfactory results. The
simplest function assumes a linear decay of pressure creating a triangular blast wave

shape, given by (Baker, 1973):

t
P(t)=P0+P5+(1—F), o<t<sT? Eq.5

In this equation, t is again time after arrival shock. In the fitting of this form to data, the
true value of the peak overpressure, P, is preserved while the positive phase duration,

T*, is adjusted so that the true value of impulse, I§, is maintained.

2.2.5. Blast Wave Scaling Law

The most commonly used form of blast scaling law is Hopkinson scaling, also known as
cube root scaling. This law states that two explosive charges of similar geometry and of
same explosive in the same atmosphere but with different sizes will produce similar blast
waves with identical peak overpressure at identical scaled distances (Baker et al., 1983).

Hopkinson scaling law is presented graphically in Figure 2-4.
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Figure 2-4. Hopkinson Blast Wave Scaling (Strehlow and Baker, 1976)

The formulation of Hopkinson scaling law for two charges in the same atmosphere with
masses Wjand W, of same explosive with diameters d; and d, is (Mays and Smith,

1995):

1
d _ (m) /s Eq. 6

If the ratio of the two charge diameters is A then at the scaled distance where the identical

peak overpressure is generated, it can be proved that the ratio of the standoff distances

would also be A.
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Therefore from Equation 6:

Using the definition of scaled distance:

Rl/
74 WE Z

(WZ - RZ/Z
2

Based on the Hopkinson law, the similar blast wave with identical peak overpressure is

developed at the identical scaled distance, which means Z, = Z,. Therefore:

1
&:<%) 3:,1 Eq. 7
R, \WW,

Similar relationships exist also for positive phase duration (T) and impulse (I) (Strehlow

and Baker, 1976):

1
’_1=ﬂ=ﬁ=(%)3=,1 Eq. 8
L, T, R, \W,

2.2.6. Wave Reflection and Reflected Overpressure

When a blast wave hits an obstacle made of a denser medium than air such as ground
surface or a structure, it will reflect from it. The induced reflected wave has a much

greater pressure than the side-on over pressure.
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The parameters described in previous section were all associated with the air burst
explosion. Quoting from (UFC, 2008)“air burst explosion is an explosion which is
located at a distance from and above the protective structure so that the ground reflections
of the initial wave occur prior to the arrival of the blast wave at the protective structure.
As used in this manual, an air burst is limited to an explosion which occurs at two to three
times the height of a one or two-story building”. From this description it is obvious that
in order to have a realistic analysis, the effect of reflection must be taken into account for
estimating the blast loads since in most studies the detonation is located close to or on the
ground which is more similar to surface burst explosion’s conditions in which the
overpressure is amplified due to ground reflections. There are many figures like Figure
2-5 that can be used to evaluate side-on parameters such as side-on overpressure, P, or
side-on impulse, I, as well as their corresponding reflected pressure, B., and reflected

impulse, I, as a function of scaled distance.
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Figure 2-5. Side-on and reflected blast wave parameters for spherical charges of TNT (UFC, 2008)

2.2.7. Structural response to Blast Loading

In order to assess the behaviour of a structure subjected to blast load, calculations of final
states such as maximum stresses, maximum strains, and maximum deflections become a

lot more valuable to a designer than detailed time histories of the structure. The first step
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in establishing the principles of such analysis is to identify the general response of the
structure subjected to the blast loads. It has been found the structural response to blast
loading is highly dependent on the ratio of the positive phase duration to the natural
period of vibration of the structure. Depending on the magnitude of this ratio, there will
be three possible loading regimes:

e Case 1: The duration of the load is much smaller than the natural period of the
structure in which case the load acts on the structure very quickly even before the
structure has time to respond significantly. This means that most deformations
occur at times greater than the positive duration of the blast load. This is called

impulsive loading which is represented below in Figure 2-6:

-
i
(-
Pl R,(t) tﬂ'l= a0
—
P(t)
—»>
Time

Figure 2-6. Impulsive loading (Tolba, 2001)

Where R(t) represents the structure’s resistance and t,,is the time to reach maximum
dynamic displacement. In this loading regime the load drops to zero before the structure

experiences any significant displacement. The response of the structure subjected to
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impulsive loading is sensitive only to the associated impulse and insensitive to the peak
pressure (Razagpur et al., 2009; Shi et al., 2008).

e Case 2: The duration of the load is much longer than the natural period of the
structure. This situation is referred to quasi-static or pressure loading. The
structure in this loading regime experiences it maximum displacement before the
load is decayed significantly (Hetherington and Smith, 1994). The structure’s
response under quasi-static loading is solely sensitive to the peak pressure and in
contrast with impulsive regime it becomes insensitive to the impulse (Razagpur et

al., 2009; Shi et al., 2008). Figure 2-7 represents the quasi-static loading

graphically.

2

2 A
P,
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Figure 2-7. Quasi-static loading (Tolba, 2001)

e Case 3: In this case the duration of the load is approximately the same as the

natural period of the structure. This case of loading is referred to as dynamic or
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pressure-time loading. The assessment of the response of a structure subjected to
dynamic loading is more complicated than the previous two cases and requires
complete solution of the structure’s equation of motion (Razagpur et al., 2009; Shi

et al., 2008). Figure 2-8 represents the dynamic loading graphically.

Pressure

o

B(t)
R(t)

Time

Figure 2-8. Dynamic loading (Tolba, 2001)

2.2.8. P —I Diagrams

Any blast wave form an explosion can cause damage to structures. There is a relatively
simple way available in order to effectively correlate the blast wave properties with the
damage they produce. This method is based on the concept that the damage is a function
of peak over pressure (or force) and the applied impulse. Plotting the pressure and
impulse combinations that wall cause a specific level of damage forms the pressure-
impulse diagram (Strehlow and Baker, 1976). A pressure-Impulse (P-1) diagram for a
particular structural component subjected to a particular blast loading time history is

defined as an iso-damage curve. This means that, the same damage is produced for each

23



M.A.Sc. Thesis - Seyedehshadi Seyedrezai

McMaster University — Civil Engineering

combination of pressure and impulse for the structural component of interest (Shi et al.,

2008). Figure 2-9 shows a typical pressure-impulse diagram.
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Figure 2-9. Typical pressure-impulse diagram (Shi et al., 2008)

As can be observed from the figure above, there are two asymptotes. The pressure

asymptote which defines the limiting value for pressure by representing the minimum

level of peak pressure required to reach the particular damage. And the impulse

asymptote which defines the limiting value for impulse by representing the minimum

impulse required to reach the specific damage. As was explained in the previous section,
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the structure’s response to quasi-static loading is insensitive to impulse but very sensitive
to pressure. Therefore, as the load duration increases towards infinity, the response will
be solely dependent on the pressure and therefore the creating a horizontal pressure
asymptote. In the other hand, the response of the structure to impulsive loading is more
sensitive to the impulse as opposed to the peak pressure. Thus, for loads with very short
duration, the response will be solely dependent on the impulse which creates a vertical
impulse asymptote. The assessment of the structure’s response using P-1 diagrams is
quite easy. The curve indicates the combinations of pressures and impulses that cause
failure based on the define damage level. Combinations of pressures and impulses that
fall to the left or below of the curve will not cause failure (the damage is lower than the
define damage level). Whereas, combinations of pressure and impulses fall above or to

the right of the curve will induce failure (the damage level is exceeded) (Shi et al., 2008).

2.3. Behaviour of Unreinforced Masonry Structures under Blast

Masonry construction is one of the oldest building techniques that is still widely used in
today’s building industries. The exterior frame of most buildings is generally in-filled
with masonry units. As explained in Sections 2.1.2 and 2.1.3, unreinforced masonry
walls have low flexural capacity and exhibit brittle and non-ductile failure modes when
subjected to extreme out of plane loadings such as blast load. Thus, evaluating the
performance of the masonry structures subjected to blast loading and accurately

predicting the damage is very important and of high interest.
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The most common and direct approach to study masonry wall damage under blast is to
conduct field blast tests. Many researchers have conducted blast tests on masonry
structures to collect information on the behaviour of the structures.

A series of blast trials was done on twenty seven 3mx3m brick panel walls with different
thickness by Varma et al. (1997). The reported blast test data included reflected pressure,
reflected impulse, damage level and maximum deflection of the tested walls under blast
loading of various magnitudes (Varma et al., 1997).

Forsen (1985) studied one-way response of masonry walls in various Swedish
constructions. Forsen’s test results compared favourably with pressure-impulse results
obtained single degree of freedom analyses.

The U.S. Army Engineer Research and Development Centre (ERDC) conducted a series
of blast experiments in order to study the response of one-way quarter-scale unreinforced
masonry walls subjected to blast loads of various magnitudes were (Dennis et al., 2002).
Baylot et al. (2005) conducted blast tests to predict hazard levels associated with CMU
walls. Nine ungrouted unreinforced quarter scaled masonry walls were tested three of
which were retrofitted. The wall’s hazard level was determined based on debris
horizontal velocity. The results indicated that the retrofit techniques successfully reduced
hazard levels (Baylot et al., 2005).

Wesevich and Oswald (2005) developed pressure-impulse diagrams for unretrofitted
(unreinforced without arching, reinforced with arching and reinforced) and E-Glass
retrofitted CMU walls subjected to blast loads based on the data from 236 open-air and

shock tube tests. The blast tests were performed on conventional masonry walls with
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different length, thickness, boundary condition and reinforcements. The damage
assessments were based on predefined damage levels i.e. reuse, replace, collapse and
blowout (Wesevich and Oswald, 2005).

Davidson et al. summarized the results from the tests on unreinforced masonry walls
retrofitted with sprayed-on polymer subjected to blast loads that have been conducted by
the Air Force Research Laboratory at Tyndall Air Force Base. The results clearly
indicate that this method of retrofitting is an effective approach to strengthening

unreinforced masonry walls against blast loads (Davidson, Porter et al., 2004).

2.4. Finite Element Modeling of Unreinforced Masonry Walls under

Blast

As mentioned before, damage of masonry structures specially unreinforced masonry to
explosive loadings could present a significant safety hazard to building occupants.
Conducting conventional physical blast tests are often prohibited due to their high cost
and safety considerations. In addition, some tests might not even be possible to be carried
out due to limitations regarding the height, length, explosive weight, etc. Hence, in the
past couple of decades other methods such as numerical simulations have become highly
attractive to researches to predict the response of the masonry structures under blast loads.
There are two common approaches when it comes to modeling masonry structures. One
method is the discrete approach also known as micro modeling which involves separate
modeling of masonry units and mortar and therefore the interaction between the units and
mortar joints are included in the simulation. Several researches have used micro

modeling approach in order to study the complex behaviour of masonry structures
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Burnett et al. (2007) developed a discrete finite element modelling approach to model
unreinforced brick work and block work masonry walls subjected to out of plane loading
using finite element modeling software LS-DYNA. This approach involved using elastic
solid elements for the units and contact interface model implemented in LS-DYNA for
the mortar joint. The predicted response obtained by the simulation was compared with
the response from the previously tested walls in the laboratory (Gilbert et al., 2002). It
was found that the discrete model predicted the dynamic response of unreinforced
masonry walls with reasonably accuracy (Burnett et al., 2007).

As discussed earlier, it is especially important to predict the structural response of
unreinforced masonry walls subjected to extreme out of plane loading conditions such as
blast. Wei and Stewart (2010) conducted numerical simulations to estimate the response
and damage of 3mx3m brick masonry walls with different thickness under explosive
loadings using finite element program LS-DYNA. Micro modeling approach was
adopted to simulate the units and mortar joints. The blast load was modeled using
ConWep (Hyde, 1991) which is implemented in LS-DYNA. The results obtained from
the finite element model were compared with field test data carried out by Varma et al.
(1997) in terms of the maximum deflection and good agreement was found (Wei and
Stewart, 2010). Eamon et al. (2004) also used discrete modeling approach to simulate
unreinforced masonry walls subjected to low, moderate or high blast pressures. However,
in this research the thickness of the mortar was included in the CMU dimensions and the
mortar was modeled as a zero-thickness contact surface. The software used in this study

was DYNAS3D. In terms of loading, it was assumed that the blast source was far enough
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from the wall so that a uniform pressure is applied on the surface of the wall. Good
agreement between the numerical and experimental results (Dennis et al., 2002) indicated
that the model had the ability to predict walls’ failure behaviour under blast (Eamon et al.,
2004). Another study in micro modeling of unreinforced CMU walls under blast was
done by Dennis et al. (2002). DYNA3D was used in this simulation. In this quarter scale
model, each CMU was tied to the adjacent CMU by slide surfaces. The wall was
subjected to blast loads with three different scaled distances. The comparisons of mid-
height displacement responses between the simulation and experimental results indicated
that the finite element model slightly under-predicted the maximum deflection (Dennis et
al., 2002).

Davidson et al. (2004) also adopted a discrete finite element modeling approach to model
polymer retrofitted CMU walls subjected to blast loading using LS-DYNA. The blocks
are tied together using contact definitions in LS-DYNA. Contact surface was also used to
represent contact between the unreinforced masonry wall and the thin membrane
(Davidson, Sudame et al., 2004).

The second method is the continuous approach or continuum modeling also known as
macro modeling in which the interaction between the units and mortar joints is excluded
so the masonry and mortar joints are blended into a single continuum where equivalent
properties of the homogenized composite material are used. Wei and Hao (2009)
developed a brick masonry material model accounting for the strain rate effect using
homogenization method. The equivalent properties were obtained by numerically

simulating responses of a representative volume element (RVE) under different static and
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dynamic stress states (Wei and Hao, 2009). Other researchers have also derived similar
equivalent material properties for masonry using homogenization technique (Ma et al.,
2001; Wu and Hao, 2006; Zucchini and Lourenco, 2004; Zucchini and Lourenco, 2009).
These developed equivalent masonry material models and other similar ones are
implemented in continuous modeling of masonry by other researchers to study the
response of masonry structures subjected to extreme dynamic loads such as blast.

Hao (2009) used previously developed equivalent masonry material properties (Wei and
Hao, 2009) in a macro modeling of a 2.88mx2.82m unreinforced brick masonry wall
subjected to blast loads generated from TNT explosions with different scaled distances (1,
3, 5, and 7 m/kg*®) using AUTODYN. The midpoint displacement and velocity response
as well as the wall’s fragment distribution in each loading case was studied (Hao, 2009).
Wang et al. (2009) modeled a 1.92mx1.89m unreinforced brick masonry using both
discrete and continuous finite element methods. In the micro model, distinctive brick and
mortar material properties were used whereas in the macro model the homogenized

material model developed by Wei and Hao (2009) was used. The response of the

1/3 1/3

masonry wall was to blast loads with 2 m/kg™ and 3 m/kg~” scaled distances were
studied. The results from both approaches found to be reasonably similar. However,
since the distinctive model resulted in larger computational time it was concluded that the
continuous approach is would save a lot of time in modeling large structures (Wang et
al., 2009).

Wu and Hao (2007) used the computer program LS-DYNA3D to numerically simulate

the damage of a one story, a two story and an eight story unreinforced masonry
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reinforced concrete frame structures. The unreinforced masonry walls were modeled
using a previously developed 3D homogenized material model (Wu and Hao, 2006).
Contact surfaces were used to model the contact between the masonry wall and the RC
frame. The response of each structure subjected to blast loads with various scaled
distances was investigated using their displacement responses. The scaled distance less
than 1.82 m/kg”® found to resulted in the collapse of low rise (one and two story)

masonry structures when a scaled distance less than 1.18 m/kg'?

resulted in collapse of
medium rise (eight story) masonry structure (Wu and Hao, 2007).

The continuous approach has become more attractive to researchers since the discrete
modeling method is very complex and computationally extensive especially for models
simulating larger structures. However, since the failure in masonry structures often
occurs in the weak joints (mortar bonds) micro modeling approach is a lot more capable
of capturing all the possible failure modes than the macro modeling and as the result it
can provide the best insight to behaviour of masonry structures. For this reason, if one
could go through the effort of detailed distinctive modeling of units and mortar, more
reliable predictions of the response of the masonry structure would be achieved. Hence,
the discrete approach is adopted in developing the model of an unreinforced masonry wall

subjected to blast loading in the current study for which the detailed process is described

in Chapter 3.
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3. Development of the Finite Element Model

The process of developing a finite element model (FEM) involves many steps before it
can be trusted to be used for an accurate simulation. There are many parameters involved
in each stage which makes it extremely difficult to achieve a finite element model useable
for a complex problem. This is due to the fact that the smallest change in any of the
parameters may significantly change the results. Therefore it is extremely important to
understand each parameter and use it properly and accurately in construction of the finite
element model.

This chapter describes development of the finite element model for an unreinforced
masonry wall which is subjected to blast load. The model replicates an actual physical
wall that was built and tested under blast loading (Abou-Zeid et al., 2010). Therefore, the
basic inputs for the model are taken from the Abou-Zeid’s experimental data in order to
produce an accurate representative FEM. The experiment consisted of testing eight full-
scale unreinforced masonry walls under blast loads. The walls were divided into three
groups. The wall selected to be modeled was from the first group which contained five
walls, each subjected to a single shot. The wall all had the same dimension and the same
standoff distance. However, the size of the charge differed among the five walls. The
purpose of testing the walls in this group was to study the arching action of the
unreinforced masonry walls under blast load. The selected wall to be numerically
modeled was the second wall, wall W2, which was subjected to blast load generated by
the detonation of 100 Kg ANFO explosive charge located at a 15 m standoff distance

(Abou-Zeid et al., 2010).
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An advanced general purpose finite element modeling program LS-DYNA developed by
Livermore Software Technology Corporation (LSTC) was used to develop the FEM in
this research. LS-DYNA is a transient dynamic finite element program with a solver that
works mainly based on explicit time integration methodology (LSTC, 2006). The finite
element software ETA/VPG version 3.4 (ETA, 2011) released by Engineering
Technology Associates, Inc. (ETA) was used as the pre-processor to develop the model
and generate the input file for the LS-DYNA solver. ETA/VPG that comes with LS-
DYNA software package allows for creation of advanced and accurate simulations.
ETA/VPG incorporates a complete and direct LS-DYNA interface and writes all the LS-
DYNA input cards and therefore the need for text editing of the LS-DYNA’s input deck
is mostly eliminated (ETA, 2004). The input file created by ETA/VPG is then analyzed
using LS-DYNA solver. LS-DYNA'’s advanced pre and post-processor LS-PrePost is
then used to post process the results produced by the solver and generate fringe plots and
response diagrams (LSTC, 2011). The results from LS-PrePost are provided in Chapter
4,

The following sections provide detailed description of different stages involved in

construction of the FE model.

3.1. Unit System

Table 3-1 below provides the measurement units used in all the analyses.
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Table 3-1. Measurement units

Property | Measurement Unit
Length millimetre
Time second
Mass tonne
Force Newton

3.2. Dimensions and Geometry

The masonry wall structure involved in Abou-Zeid’s explosive test is 2.5 block wide, 11
courses tall and one block thick. The standard 190 mm two-cell concrete blocks are used.
The dimension of each concrete masonry unit (CMU) is 190 mmx190 mmx390 mm. The
thickness of the mortar is assumed to be 10 mm. Considering the dimensions of the CMU
blocks and the mortar joints, the modeled in LS-DYNA wall is 995 mm wide, 2190 mm
tall and 190 mm thick.

Two 30 mm thick rigid plates are modeled at the top and bottom of the wall where the
wall will be supported. The rigid boundaries restrain lateral translations of the wall at the
top and bottom. There are no gaps considered between the blocks and the plates in the
simulation in order to provide the one-way action of the wall’s arching behaviour. The
plates extend 30 mm beyond the edges of the top and bottom surfaces of the wall as well
as covering 60 mm of the back of the wall (the side subjected to blast load is referred to

as the front).
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3.3. Parts

There are two parts defined in this model under *PART cards. Partl represents the
concrete masonry units and part2 represents the rigid plates. The mortar joints are not
defined as separate parts. Mortar layers are designed as 10 mm gaps between the blocks
and are modeled using contact surfaces which will be explained in details in Section 3.7.
Each part card in LS-DYNA input deck includes section identification and material
identification which are defined in *SECTION and *MAT sections respectively in the
input file. *SECTION card contains element properties information and *MAT card

contains material properties information.

3.4. Elements

LS-DYNA provides several element formulation options. The elements used in this
FEM are 8-node solid elements and are included in *SECTION_SOLID card. The
length, the width and height of each CMU is divided in to 26, 12 and 12 elements
respectively which means the size of each element is 15 mmx15.83 mmx15.83 mm.
Each side web of a CMU is divided into two elements and the middle web is divided into
4 elements. The face shells are also divided into two elements. The middle web of a
block has been designed to be thicker than the side webs in order to facilitate adequate
meshing of the half-blocks without having a very thin web on one side of the half-block,
as well as maintaining the symmetric arrangement of the blocks. Similar technique has
been employed in other studies for modeling hollow concrete blocks (Wu and Hao,

2008).
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As the result of the meshing manner explained above, each CMU contains 2016 elements
which results in a total number of 55440 elements in the whole wall.

The rigid plates on top and bottom of the wall are also made of 8-node solid elements.
The thickness of the plate is divided into 2 elements and the long side of the surface is
divided into 70 elements which make each plate contain 2520 15 mmx15 mmx15 mm
solid elements. With the mesh fidelity for the entire model, the aspect ratio of all
elements in the entire model is very close to one which is desirable in finite element
mesh.

Figure 3-1 shows the model of one CMU and Figure 3-2 illustrates the entire wall.

ETA/VPG

Figure 3-1. Concrete masonry unit mesh
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Figure 3-2. Finite element model of masonry wall. Left: Isometric view, Right: Side view

The elements used in this model are standard LS-DYNA’s solid elements that are based
on linear shape functions and use one point integration and hourglass control. The
formulation of single point integrated constant stress solid elements (ELFORM=1) is very
efficient since the CPU execution cost is relatively low compared to fully integrated

elements while producing similar and comparable results. Under integrated solid
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elements may develop zero energy deformations. In order to avoid these zero energy
deformations hourglass control must be included in the simulation (LSTC, 2007).

Hourglass is explained in details in Section 3.6.

3.5. Material Models

LS-DYNA offers a large selection of material models. Material constants for the selected

material models are defined in *MAT section (LSTC, 2007).

3.5.1. Material model for Concrete Masonry Unit

The material model for partl, CMU, is *MAT_ELASTIC which is a simple elastic
material model. The reason for choosing an elastic material model for the blocks is that
when an unreinforced masonry walls fail due to blast load, the failure typically occurs at
the mortar joints. The analysis this research is focused on this typical failure mode so the
detailed behaviour of the CMUs is not of the interest in this research.

The required parameters in the material cards for *MAT_ELASTIC include mass density,
Young’s modulus and Poisson’s ratio. Abou-Zeid performed a test on six prisms and
obtained the average value of 22870 MPa with COV of 22.56% for elastic modulus.
From Abou-Zeid’s results and the values from literature, a value of 20000 MPa has been
adapted for the simulation of CMU material model. For mass density and Poisson’s ratio,
typical values been extracted from literature (Abou-Zeid et al., 2010; Burnett et al., 2007;
Gilbert et al., 2002; Voon and Ingham, 2006). Table 3-2 summarizes the material

parameters for this simulation for the required parameters.
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Table 3-2. Material properties of CMUs

Property Value

Mass density (tonne/mm°) | 2.3E-9

Young’s modulus (MPa) | 20000

Poisson’s ratio 0.3

3.5.2. Material model for Rigid Boundaries

LS-DYNA’s material model *MAT RIGID used to simulate the top and bottom rigid
plates. Normally steel properties are used for this material model (Davidson, Sudame et
al., 2004). LS-DYNA'’s manual provides the values for the required parameters which is

presented in Table 3-3 (LSTC, 2007).

Table 3-3. Material properties of rigid plates

Property Value

Mass density (tonne/mm?®) | 7.85E-9

Young’s modulus (MPa) | 200000

Poisson’s ratio (MPa) 0.3

3.6. Hourglass Control

Hourglass (HG) modes are non-physical, zero energy deformation modes that produce
zero strain and no stress. As was mentioned in Section 3.4 hourglass modes may occur in

under-integrated elements. Since the element used in the current simulation contain only

39



M.A.Sc. Thesis - Seyedehshadi Seyedrezai McMaster University — Civil Engineering

a single integration point, viscous hourglass control must be incorporated in the code
under *HOURGLASS card to avoid the zero energy (hourglass) modes. There are
several algorithms available in LS-DYNA for inhibiting hourglass modes. However, the
default algorithm is the most effective while being computationally most economical.
Thus, all the parameters in *HOURGLASS card which include hourglass and bulk
viscosity properties are left as LS-DYNA’s defaults (Davidson, Sudame et al., 2004;

Dynasupport, 2011; LSTC, 2006; LSTC, 2007).

3.7. Contact Interfaces

As was mentioned earlier, 10 mm gaps are designed to represent the vertical and
horizontal mortar layers which are basically the bonds between blocks. Contact is an
effective way of treating interaction between disjoints parts of a model which makes it an
ideal method to simulate mortar joints in this research. Contact surfaces are defined in
*CONTACT cards in the input deck. LS-DYNA provides a large number of contact
types. In this model each CMU block is attached to its neighbour block using
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK contact type.
There are several parameters involved in contact definitions. Default values for contact
parameters have evolved over time to work pretty well for most circumstances. Thus, in
this simulation many of them are left as their default settings but some non-default values
have been defined for key parameters to improve the behaviour of contacts for this
specific model. The following sections review the user-defined parameters used in
contact definitions (Davidson, Sudame et al., 2004; Dennis et al., 2002; LSTC, 2006;
LSTC, 2007).
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3.7.1. Master and Slave Surfaces

Each contact interface has two surfaces. One side of the interface is designated as the
slave surface and the other is designated as the master surface. For modeling each contact
interface, first the type of the slave and master surfaces must be identified. The
parameters in *CONTACT card that allow to select the type are SSTYP and MSTYP for
slave and master surfaces respectively. In this model, each slave and master surface is
defined by a set of segments, called slave and master segments. The value of zero must
be assigned to SSTYP and MSTYP parameters to represents segment sets as slave and
master surface type. Abou-Zeid’s test wall is face-shell mortar bedded. Therefore, the
created segment sets along the horizontal mortar joints (bed joints) and the vertical mortar
joints (head joints) were two-element wide to cover the face-shells. The segment sets are
created in *SET_SEGMENT cards.

At each horizontal contact interface, the bottom segment set has been designated as the
master set and the top segment set has been designated as the slave surface. For every
vertical contact interface, the segment set on the left is set as master set and the one on the
right is set as slave segment set. However, automatic contact treatment is symmetric and
the definition of the slave and master surfaces is arbitrary since the same results will be
produced either way. Another point that should be noted is that in contact definitions the
contact segment normals must be oriented towards the contacting surface. But automatic
contact types do not have orientation requirements and they can detect penetration from
either side of the contact surface. For these reasons the automatic contact types are

generally more robust than their non-automatic counterparts.
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Once the type is selected, the slave and master segment set IDs must be specified through
SSID and MSID. The identification numbers refer to corresponding segment sets that
have already been defined in *SET_SEGMENT cards (Bala, 2001; Davidson, Sudame et

al., 2004; LSTC, 2006; LSTC, 2007).

3.7.2. Friction

Friction is LS-DYNA is based on a Coulomb formulation. This formulation is based on
static coefficient of friction (FS), dynamic coefficient of friction (FD), exponential decay
coefficient (DC) and relative velocity between the surfaces involved in the contact (V).

The formula defining the coefficient of friction (l) is:

tic = FD + (FS — FD)e~PCvrell Eq. 9

Friction is invoked by assigning non-zero values to static and dynamic coefficients of
friction. In order to differentiate between static and dynamic FS must be greater than FD
and DC must be set to a non-zero value for FD to have an effect (Bala, 2001; LSTC,
2006). In this model FS, FD and DC are taken as 0.6, 0.4 and 0.35 respectively

(Davidson, Sudame et al., 2004; Dennis et al., 2002; Eamon et al., 2004).

3.7.3. Thickness Offsets

Contacts could be offset-based or non-offset based. The offset-based contacts incorporate
element thickness in the contact definition. The thickness offsets are always included in
automatic contact types. If solid elements are used, the contact thickness offset is

controlled by the parameter SLDTHK which is the optional solid element thickness. A
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non-zero positive value of SLDTHK activates the thickness offsets in the contact
algorithm. Using the thickness offsets in this model is especially important since there
are 10 mm gaps between the slave and master surfaces. In the treatment of thickness
offsets, slave and master surfaces are both projected based on mid-surface normal

projection vectors as shown in below (LSTC, 2006).

L/

length of projection vector
E . is 1/2 the element thickness
projected contact surface

Figure 3-3. Contact surface based on mid-surface normal projection vectors

As the result, the slave and master surfaces are both offset by an amount equal to half of
the element thickness that is by default the true thickness of solid element specified in
*SECTION_SOLID equal to 15.83 mm. However, this value can be changed using
previously mentioned parameter SLDTHK. Since the gap between the slave and master
surfaces is 10 mm, SLDTHK is changed to 10 mm. This way the slave surface and

master surface each is offset by 5 mm and the projected contact surfaces are in contact
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halfway between the two surfaces (Bala, 2001; Davidson, Sudame et al., 2004; LSTC,

2006; LSTC, 2007).

3.7.4. Mortar Strength and Tiebreak

Tiebreak contacts are penalty based contact types that allow for the definition of failure
parameters. Tiebreak option has been used in this simulation since the interfaces are
basically representing the mortar bonds between the CMU blocks which have limited
strength and will fail at some point after being subjected to the blast load. There are 9
options available for tiebreak in *CONTACT_AUTOMATIC-SURFACE-TO-
SURFACE-TIEBREAK contact type. Option 6 which is for use with solid elements is
selected. Based on this option, the tiebreak is active for all the nodes that are initially in
contact. This applies perfectly to the nodes on slave surface and master surface of the
interface which came to be in contact using mid-surface normal projection vectors
explained in Section 3.7.3. For tiebreak to occur, first a failure criterion must be defined.
Failure is based on stresses along normal (tensile) and shear directions and is formulated

as follow:

2

2
donl \ (Josl ) o Eq. 10
NFLS SFLS

Where g, is calculated normal stress, o is calculated shear stress, NFLS is normal failure
stress and SFLS is shear failure stress. NFLS and SFLS are taken as mortar’s tensile
strength and shear strength respectively. Mortar’s tensile strength is 0.45 MPa and its

shear strength is 0.63 MPa (Burnett et al., 2007; Dennis et al., 2002).
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Once the tiebreak’s stress failure criterion is met, damage initiates which is assumed to be
a linear function of distance between points initially in contact (critical distance). The
limit for critical distance is controlled by the parameter PARAM which is set to 10 mm.
Once the distance is equal to PARAM damage is fully developed and the tiebreak failure
occurs and this contact option will behave as a SURFACE_TO_SURFACE contact. At
this point since the mortar joint is failed and there are no tensile or shear resistance at the
interface, the contact between the surfaces is solely relied on frictional forces (Bala, 2001;

Burnett et al., 2007; Davidson, Sudame et al., 2004; LSTC, 2007).

3.8. Boundary Condition

The wall in experiment was a one-way arching wall which was built in a steel container
which acted as its reaction structure. The wall was fit snugly into the steel frame using
two hollow rectangular steel sections welded to a steel plate at each end for the wall to be
able to develop arching action. The sides of the wall were not tightly attached to the
reaction structure and a gap was allowed such that it would be a one-way wall (Abou-
Zeid et al., 2010).

In order to simulate the same boundary conditions in the finite element model, there are
no gaps designed neither between the bottom-most block and the bottom rigid plate nor
between the top-most block and the top rigid plate. This will enforce the arching action
on the wall. The sides of the wall in the FEM are not restrained in order to simulate one-
way action. As discussed in Section 2.1.3, during arching action tension cracks develop
at the ends and the centre of the wall dividing the wall into two rigid segments. For this
action to occur, the two rigid segments must be able to rotate at their ends (at the
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supports) until either masonry crushes at the ends or the wall snaps at the centre. Hence,
the boundary conditions applied in the simulation must allow for rotation at top and
bottom of the wall while the rigid plates resist any lateral translation of the wall. In order
to define such boundary conditions in LS-DYNA, two node sets are generated in
*SET_NODE card. One is corresponding to the top surface of the top-most CMU block
(under the top steel plate) and the other corresponding to the bottom surface of the
bottom-most CMU block (above the bottom steel plate). The created node sets are then
constrained under *BOUNDARY_SPC cards. Translational boundary constraints are
imposed in X, y and z degrees of freedom by assigning a value of 1 to parameters DOFX,
DOFY and DOFZ in the code. There are no rotational constraints since the nodes must
be free to rotate. Thus, DOFRX, DOFRY and DOFRZ are set to zero (Davidson, Sudame

etal., 2004; LSTC, 2006; LSTC, 2007).

3.9. Loading

The wall in this simulation is subjected to blast loading. Moreover, the gravity load on
the wall has been also taken into consideration in order to produce more realistic results.

The following sections describe how these loads are applied in details.

3.9.1. Gravity Load

There are a few ways to apply gravity load in LS-DYNA. In this model gravitational
loads are added using *LOAD_BODY_Z command where z is the vertical axis. In this
method, first a load curve is defined under *DEFINE_CURVE card. Since gravity is

constant, the load curve is set as a constant equal to 1. In *LOAD_BODY_Z card,
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parameter LCID assumes the identification number corresponding to the previously
defined uniform load curve. The load curve is then scaled using the scaled factor
parameter SF which is set to the gravitational acceleration constant equal to 9810 mm/s?.
It should be noted that positive body load in LS-DYNA acts in negative direction which
is why a positive value for gravitational acceleration is used even though it acts in the

negative z-direction (LSTC, 2007; Reid, 1998).

3.9.2. Blast Load

The wall in the experimental test was subjected to blast load which was generated by
detonation of 100 Kg ANFO at a 15 m standoff distance from the wall. In the finite
element simulation *LOAD_BLAST option was used to apply pressure loads to the wall
due to explosion. The ConWep model (Hyde, 1991) is incorporated in LS-DYNA based
on a study by Randers-Pehrson and Bannister (1997). The ConWep algorithms calculate
the pressure values by taking into account the angle of incidence of the blast wave.
*LOAD_BLAST must be used in conjunction with *LOAD_SEGMENT_SET where a
segment set corresponding to the face of the wall on which the pressure will be applied is
created. In *LOAD_SEGMENT _SET, the parameter LCID (load curve ID) must be
input as -2 in order to call ConWep function algorithms to determine the pressure for the
segment.

Once the segment set is created, properties of the explosive must be specified under
*LOAD_BLAST card. The inputs include equivalent mass of TNT, detonation location,
unit system and type of explosion. Table 3-4 summarizes all the parameters and their
quantities used in this blast loading model.
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Table 3-4. Blast load parameters

Parameter Description Value Unit
WGT equivalent TNT mass 0.08 tonne
XBO x-coordinate of explosion point | 497.5 mm
YBO y-coordinate of explosion point | -15000 mm
ZBO z-coordinate of explosion point 0 mm
IUNIT unit conversion flag 5 tonne, mm, s, MPa
ISURF type of busrt 1

The explosive used in Abou-Zeid’s test is ANFO. However, WGT must be input as TNT
equivalent. The TNT equivalency factor for ANTO is taken as 0.8 (Chang and Young,
2010). Therefore, 100 Kg ANFO is equivalent to 80 Kg TNT. Since the charge is
situated on the ground surface, a value of 1 is assigned to ISURF which defines the type
of explosion as surface burst where the blast wave propagates with a hemispherical wave
front. Assigning a value of 5 to IUNIT will allow converting the default units into LS-
DYNA'’s units (Abou-Zeid et al., 2010; Adoum and Lapoujade, 2003; El-Dakhakhni et

al., 2010; LSTC, 2007; Randers-Pehrson and Bannister, 1997).
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4. Model Verification

In the previous chapter it was described in details how the finite element model of the
unreinforced wall was constructed based on experimental data from field blast tests. The
pre-processor software ETA/VPG was used to generate the input file for LS-DYNA
solver. In this chapter the results produced by LS-DYNA solver are analyzed using LS-
DYNA’s advance pre and post-processor LS-PrePost and compared with the results
obtained from the physical experiment. The objective in this Chapter is to verify the
validity of the developed finite element model in order to confirm its reliability in future
studies where the experimental data is not available due to the high costs and unsafe
nature of blast loading tests. The comparison of the results is based on the midpoint
displacement time histories and is provided in details in the following sections. The

conclusion of the result of the verification process is explained in Section 4.4.

4.1. Experimental Results

The masonry wall on which the finite element model is based was subjected to 100 Kg
ANFO at a 15 m standoff distance. In order to measure the displacements, three linear
variable differential transformers (LVDTSs) were located at 5", 6™ and 9™ course of the
wall respectively. The maximum displacement occurs at the mid-height of the wall and
the displacement time histories from all three LVDTSs reported by Abou-Zeid et al. (2010)
confirmed this fact as well. However, since only the maximum displacement response is

of interest, the data from LVDT installed on the 6" course is used in this research to be
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compared with the numerical results. The displacement time history based on the 6"

course LVDT data is plotted in Figure 4-1:
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Figure 4-1. Experimental midpoint displacement time history

It can be observed from Figure 4-1 that the displacement response obtained by the data
recorded in 250 msec has a more accurate and explainable behaviour within the first 150
msec. From 150 msec until the end of the recording range, the response does not
maintain as accurate behaviour as the first 150 msec due to possible errors and
inaccuracies involved the experimental work. However, the main expected behaviour is

still apparent as the vibration tends to dissipate and the curve returns to zero.

4.2. Numerical Results

The process of developing the finite element model was described in details in Chapter 3.

Table 4-1 summarizes LS-DYNA’s input parameters used for the simulations.
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Table 4-1. LS-DYNA input parameters

Parameter Value Unit
CMU’s mass density 2.3E-9 | tonne/mm°
Young’s Modulus 20000 MPa
Poisson’s ratio 0.3
Mortar’s static coefficient of friction (FS) 0.6
Mortar’s dynamic coefficient of friction (FS) 0.4
Exponential decay coefficient 0.35
Solid element thickness for offset in contact definition | 10 mm
Mortar’s normal (tensile) failure stress 0.45 MPa
Mortar’s shear failure stress 0.63 MPa
Equivalent TNT mass (WGT) 0.08 tonne
Standoff distance 15000 mm

The behaviour of the finite element model of the wall is described in this section in terms
the mid-height centre displacement which corresponds to the displacement data recorded
by the 6™ course LVDT in the experiment. For this purpose, the D3Plots generated by
LS-DYNA solver is opened in the LS-PrePost. A node at the center of the wall is
selected where the 6™ course LVDT would be located in the physical test and nodal
displacement time history in y-direction is plotted. Figure 4-2 below illustrates the

displacement response output by LS-PrePost:
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Figure 4-2. Numerical midpoint displacement time history

4.3. Comparison of Numerical and Experimental Results

In the previous sections the displacement at the mid-point of the wall in both the
experiment and the finite element simulation was presented. In order to confirm the
validity of the developed FEM, the results from the simulation are compared with the
experimental results in this section. The main criterion on which the credibility of the
FEM is judged is a close agreement of the maximum positive displacements (the first
peak in the plots above) within 10% error. Other researchers have used limits for error
larger than 10% (Burnett et al., 2007; Chaimoon and Attard, 2007; Dennis et al., 2002).
Therefore, in the current study a smaller value for error (10%) is selected in order to
increase the accuracy of the model. When a structure is subjected to blast which is a case
of loading with an extremely short duration and a magnitude a lot larger than any other
load that will be applied to the structure in its design life, then only the maximum positive
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displacement becomes what is critical for the structure’s survival. The subsequent
vibrations matter only when the loads are repetitive. The first negative (rebound)
displacement is also important however this value is most likely a lot less than the
positive peak due to structure’s damping. Therefore, the most important factor is the first
maximum positive 