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Abstract

This study is intended to contribute to the understanding of the torsional behaviour
of buildings subjected to blast loading. The scope of the investigation involves a
10-storey symmetrical reinforced concrete frame structure designed in accordance with
CSA Standard A23.3 (2004), and the provisions of the National Building Code of Canada
(2005). The building was analyzed under different magnitudes of explosions, triggered at
different distances and location such that the building would be subjected to lateral
impulsive forces causing torsion. Elastic dynamic time-history analyses were conducted
using software ETABS under impulsive forcing functions caused by the detonations of
100 kg, 200 kg, 300 kg, 500 kg, and 1000 kg TNT at distances of 5 m, 10 m, and 20 m
from the building, at three different eccentricities within the plane of building floor to
create torsional eccentricities relative to the centre of rigidity. The performance of
structure was evaluated by considering interstorey drift, floor rotations, lateral
displacements, and P-M capacity/demand ratios for columns.

The results indicate that the perimeter columns, especially the corner columns are
affected most when the building is subjected to blast loadings. The torsional building
response increases with the amount of TNT. It is related to the location of the explosion
relative to the building, and increases with torsional eccentricity. On the other hand, the
torsional response decreases with distance from explosion to building. Maximum
interstorey drifts are closely related to the eccentricity of blast loads. This effect can be
neglected in practical applications for small size charges and distant explosions. For
example, an explosion caused by less than 500 kg TNT at distances of 20 m and longer

would produce very small interstorey drifts and the effects of the eccentricity of blast

loads could be neglected in such buildings.
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Chapter 1

Introduction

1.1 Background

In today’s politically turbulent environment many embassies, commercial centers,
and buildings (government, office and residential buildings) have become targets for
terrorist attacks that are often executed by explosives. This necessitates the development
of design information for blast resistant buildings.

Terrorist attacks can be divided into three classes; i) ballistic attacks, ii) explosions,
and iii) forced-entry. Among them explosive attacks are of considerable interest due to
their potentially devastating consequences. Explosive attacks can be realized by different
methods, including external vehicle attacks (car or truck bombs), stand-off weapon
attacks, and suicide or parcel bombs. The external vehicular bomb attacks have become a
common technique employed by terrorists in recent years because‘ it is easy to deliver a
large quantity of explosives (as much as the load capacity of vehicle) to targeted
buildings which can be detonated relatively easily. In November 1995, a car bomb
exploded in Riyadh, Saudi Arabia, killing five people in the offices of Saudi Arabian
National Guard. The spectacular car bombing of the World Trade Center in New York
City on February 26, 1993 resulted in 6 deaths and many injures. The most notable car

bomb attack was executed on the Murrah Building in Oklahoma City on April 19, 1995,



killing 168 people and resulting in approximately 50 million dollars of damage.
Detonations caused by such car-bombs, placed outsides of buildings, may result in
catastrophic structural collapses. In contrast to seismic and wind loads, blast loads occur
within milliseconds, generating imphlsive dynamic loads. Concerns of the structural
engineering community include not only the complexities of blast pressures but also the
structural response of buildings when subjected to blast loads.

Compared to the extensive previous research available on seismic and wind load
effects on structures, much less research has been done on the behaviour of structures
subjected to blast loading. With increased awareness of blast hazards on critical
infrastructure, increased number of research programs have begun with the objectives of
developing blast resistant design methodologies for new buildings, while developing
similar guidelines for retrofitting existing buildings. The majority of research findings on
blast loading remain to be classified for military use. However, some useful information
is available in the literature to formulate blast pressures as a function of time.

The majority of current research on blast performance of building structures
involves the investigation of charge-standoff distance relationships through planar
structural analysis. Another concentration of research topic is the investigation of
progressive collapse triggered by a column loss. However, there is lack of research on
torsional response of buildings resulting from the eccentricity of lateral impulsive forces
relative to the centre of rigidity of buildings. In a reinforced concrete structure

experiencing torsional motion, the combination of axial loads and twisting moments may



generate instability in columns. Furthermore, the combined effects of shear and torsion
may result in diagonal tension distress which may result in a brittle failure. Therefore,
torsional effects are very important for safety and serviceability of structures. Because
bomb detonations can occur in any arbitrary location within a three dimensional building
layout, it is conceivable that a significant torque may be imposed on the structure. This
aspect of dynamic response needs to be studied before a rational design approach can be

developed for building structures.

1.2 Objective and ‘Scope

The objective of the current research program is to investigate the effects of
blast-induced torsion on structural response. More specifically, the objective includes the
investigations of;

> the significance of torsional effects on reinforced concrete frame buildings
subjected to blast pressures.

» the relationships between torsional response and explosive charge, as well as
the location of explosion (i.e. frontal and lateral distance of explosion centre
relative to the building).

The scope includes;

» Literature review

> Selection of a typical 10-storey reinforced concrete frame building.

» Modelling of the selected building and the impulsive blast pressures.



» Elastic, dynamic time history analysis.
» Parametric investigation under variables that consist of charge, standoff
distance and level of eccentricity of blast loading.

» Presentation of results in the form of a thesis.

1.3 Literature Survey

Most of the research related to the effects of bomb blasts on structures is conducted
for military purposes. The documents and computer programs generated by this researéh
are classified and restricted for military use only. Therefore, the work presented in this
thesis is primarily based on unrestricted government documents and publications from
non-military sources. The most important references used in this study are presented
briefly hereafter.

The information in Manual 42 (ASCE 1985), in TM 5-1300 (U.S. Department of the
Army 1990), and in TM 5-855-1 (U.S. Department of the Army 1986) provides
background material on structural consideration and design for blast loading. The works
of Mays and Smith (1995), the National Research Council (1995), and Smith and
Hetherington (1994) address the general concepts that pertain to weapons, blast effects on
buildings, and protection against such events. The protection of buildings against vehicle
bomb attacks is specifically discussed by Longinow and Mniszewski (1996).

Hopkinson (1915) and Cranz (1926) formulated the so called “cube-root scaling”

relationship between distance and blast charge (i.e., weight of explosive). This



relationship, which is referred to in the literature as the Hopkinson-Cranz relationship, is
commonly used for determining the properties of the waves from explosions at different
distances and different explosive weights. The Hopkinson-Cranz relationship has been
thoroughly verified by many experiments conducted for a large range of explosive charge
energies. Baker (1973) summarizes the derivation of laws for scaling of blast wave
properties and demonstrates its applicability.

Compiling and analyzing the data resulting from tests in free-air and hemispherical
TNT surface bursts, Kingery and Bulmash (1984) developed a set of airblast curves for
the positive-phase blast parameters. These curves were published in the TMS-1300
Manual entitled “Structures to resist the effects of accidental explosions,” prepared by the
U.S. Departments of Army, Navy and Air Force (1990) which can be used in defining the
pressure-time relationships for different types of explosive detonations. In addition to
research on blast load characterization, significant research was conducted on various
aspects of blast effects on buildings. Mays and Smith (1995) edited a book on blast
effects on buildings discussing the characteristics of blast loading, structural response to
blasts, and basic guidelines for enhancing resilience of reinforced concrete and steel
buildings. Gross and McGuire (1983), and Similowitz (2003) presented basic principles
of progressive collapse resistant design, illustrating a method of analysis for multistory
frame buildings that may suffer from loss of some elements due to blast effects. Similarly,
another analysis technique for blast triggered progressive collapses was discussed by

Choi and Krauthammer (2003). These researchers illustrated the use of computer



software employed for progressive collapse analysis with potential consequences of
loosing vertical structural elements in multistory buildings.

Biggs (1964) introduced the principles of dynamic structural analysis under
blast-induced impulsive loads and structural design against such loads. In addition to the
foregoing literature, documents such as “Structural design for physical security, state of
the practice” (ASCE, 1999), and “Protection of buildings from blast effects, a
state-of-the-art report” (Naumoski and Balazic, 2004) summarize general methods,
guidance, and references for bomb blasts. These publications also discuss the
characteristics of blast loads, the formulations of blast wave parameters, and the
calculation of loads on different faces of buildings due to bomb explosions.

Lack of sufficient research on blast-resistant design of structures forced researchers
to identify similarities with earthquake-resistant design. A workshop was organized on the
application of seismic rehabilitation technologies to mitigate blast-induced progressive
collapse jointly by the National Institute of Standards and Technology (NIST) and the
General Services Administration (GSA) of U.S. to generate technical information that
compared blast and earthquake effects on buildings (Carino et al. 2001). The workshop
resulted in an overview of seismic design approaches that may be adopted for
blast-resistance. Subsequently, the Multihazard Mitigation Council of the National
Institute of Building Sciences organized a workshop which resulted in recommendations
for further research on the prevention of progressive collapse triggered by blast (Burns et

al. 2003, Dusenberry 2003, Crawford 2003). These workshops generated technical



information on the potential use of seismic design procedures which have matured over
the last three decades, for blast-resistant design with a view of improving inelastic
building response through structural integrity and deformability.

In addition to the above research publications, a number of standards and guidelines
have addressed blast performance and blast-resistant design of structures, including the
requirements for blast-induced progressive collapse. The U.S. Department of Defence
(DOD) produced minimum antiterrorism standards for buildings (DOD 2002). Similarly,
GSA produced facilities standards for the public building service (GSA 2005).
Furthermore, GSA issued guidelines for progressive collapse analysis and design,
addressing security issues for U.S. government buildings (GSA 2003). The required loads
and load combinations for building designs, including those for progressive collapse
analysis, were developed by the American Society of Civil Engineers and published as
ASCE 7-02 document (ASCE 2002). The U.S. Federal Emergency Management Agency
(FEMA) published a reference manual to mitigate potential terrorist attacks against
buildings (FEMA 386-7 2003, FEMA 426 2003), covering risks associated with such
attacks, the characteristics of such blasts and designing sites and buildings against blast
effects. FEMA also published a primer to design safe school projects (FEMA 428 2003)
and commercial buildings (FEMA 427 2003) in case of terrorist attacks.

Another useful reference for this study is the research paper published by
Ozbakkaloglu, Naumoski, and Saatcioglu (2005). They investigated the responses of a

10-storey reinforced concrete frame building due to blast loads from explosions at



different distances from the building with different weights of explosives. Two
dimensional time-history analysis was used in the study, i.e. no torsional effects were
considered. This is done in the current investigation which represents a continuation of

the research conducted by Ozbakkaloglu, Namouski and Saatcioglu (2005).

1.4 Outline of Thesis

The thesis consists of 5 chapters. Chapter 1 provides introduction, while identifying
research needs, presenting the objectives and scope of research and also providing
literature survey. Chapter 2 provides the definitions and characteristics of parameters that
define the blast load, while also presenting the details of the building selected for
investigation. Chapter 3 presents the details of structural analyses conducted and the
specifics of the blast load scenarios considered. Chapter 4 provides the analysis results
and major observations made during analyses under different explosion scenarios. The
chapter also includes discussions on the effects of the location of explosion, the distance
to explosion, and the amount of explosives on structural response. Major findings and

conclusions based are summarized in Chapter 5.



Chapter 2
Blast Loads and the Selected Building

2.1 Characteristics of Bomb Blast

An explosion is a very rapid release of a large amount of energy characterized by a
very loud blast. Part of the energy is released as thermal energy, and part is released into
the air (air-blast) and into soil (ground-shock) as rapidly expanding shock waves. A shock
wave consists of highly compressed air expanding in all directions from the explosion
centre at a very high speed until reaching equilibrium with the surrounding air. Both the
pressure and the velocity of the front of blast wave (called shock front) decrease rapidly
as the shock wave propagates outward. The initial pressure resulting from an explosion,
which is normally greater than the ambient pressure, is referred to as the overpressure.

An air blast occurs within milliseconds. The shock wave produced by a blast is
shown schematically in Figure 2.1. It consists of two phases, 1) positive pressure and ii)
negative pressure. During the positive phase, the overpressure rises very rapidly from
ambient (atmospheric) to the peak value, and then decreases slowly reaching the ambient
pressure once again. In the negative phase, a vacuum is created and the air is sucked in
rather than being pushed away as‘ in the case of positive overpressure. Consequently, the
wind blows towards the point of the detonation during the negative phase. The peak value

of the negative phase (i.e., underpressure) is much smaller than that of the positive phase.



Given this, the negative phase is normally neglected in the design of blast load resisting
structures. In practical applications, the overpressure due to blast is usually idealized as
shown in Figure 2.2. The overpressure is approximated by a triangular impulse with zero
rise time and a linear decay from the beginning to the end of impulse as illustrated in the
figure.

When a blast wave strikes on a solid surface, the wave is reflected from the surface.
When reflection occurs, the surface is subjected to a much higher overpressure than that

caused of the incident wave in free air. This pressure is referred to reflected pressure.

2.2 Blast Wave Parameters for Blast Loading

It is important to acknowledge that blast loads are short-duration dynamic loads.
Their duration is about 1000 times shorter than the duration of typical earthquakes.
Structural response under short-duration dynamic loading could be significantly different
than that under much longer duration loading such as an earthquake-induced dynamic
excitation. For analysis of buildings under blast loading, the first step involves the
determination of blast pressures and the duration blast loads. The characteristics of blast
loading are affected by the following factors:

* Type and size (TNT equivalent weight) of bomb

* Location of the explosion centre relative to the structure (e.g. internal or external
explosion),

* Distance from the explosion centre to the structure,

10



* Distance from the explosion centre to the structure,

* Location of the explosion centre inside the building (basement or at higher floors, close
to walls or columns, etc),

* Type of the structural material (reinforced concrete, steel, or masonry structure),

* Type of the structure system (moment resisting frame, shear wall, or combined

frame-shear wall structural system, etc),

* Height of the structure,

* Design considerations for blast and/or other dynamic effects during original design or
strengthening of the structure.

The properties of blast waves can be established through charts developed by the
U.S. Department of the Army using the parameter Z where, Z=R/W'" (TM5-1300
manual, 1990). R is the distance from the center of explosive source to the structure in ft.,
and W is the TNT equivalent charge weight in 1b. The value of W for different TNT types
of explosives can be obtained by multiplying the mass of the explosive by a
corresponding conversion factor. The charts are given for two types of explosions, i.e.,
the spherical and hemispherical TNT explosions. The spherical TNT is an explosion in air,
i.e., far from nearest reflecting surface. On the other hand, the hemispherical explosion is
called the explosion at or very near the ground surface at sea level conditions of P,= 101
kPa and a;= 340 m/sec, where P, is atmospheric pressure and a, is sound speed in air.
Figure 2.3 shows blast parameters for an explosive detonated on free ground surface

(hemispherical explosion) as a function of scaled distance Z=R/W'3. The blast wave
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parameters indicated in the figure are described below:

» Py : Peak positive overpressure, also called peak side-on overpressure or incident
overpressure in psi.

» 15 : Side-on specific impulse, defined as the area under the positive overpressure
versus time curve in psi-ms.

> t, : Shock arrival time in ms.

» tg : Duration of the positive phase in ms.

» P, : Peak normally reflected overpressure in psi.

» i : Normally reflected specific impulse, defined as the area under the positive
normally reflected overpressure-time curve, in psi-ms.

» U : Shock front velocity in ft/ms.

» Ly : Wave length of positive phase in ft.

The parameters for normally reflected blast waves, P;, and i, shown in Figure 2.3,
are applicable for those cases when the structural elements are perpendicular to the
direction of shock waves. Otherwise, the incident angle at which the blast wave strikes

the structure should be taken into account to determine the parameters of reflected waves.

2.3 Blast Loads on the Front Face of a Building

When blast waves strike a building at zero angle of incidence relative to the front
face the front wall, side walls, the roof, and the rear wall of the building are also loaded

with corresponding loads due to blast. In this study, the blast loads on roof and side walls
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are not included because their contributions to torsional response of the building
considered are negligible compared to those acting on the front face. Furthermore, the
blast loads acting on the rear wall acting in the opposite direction are quite small. Their
effects are normally neglected in practice. Therefore, the loads acting on the front face are
the only loads that were considered in this investigation. This simplified approach
provides approximate but sufficiently accurate results for the purpose of evaluating the
overall impact of blast on torsional response.

For the front face of a box-shape building, it is usually conservative to neglect the
influence of the angle of incidence at which a blast wave strikes the building surface.
Thus, the normally reflected parameters obtained from Figure 2.3 were directly used in
the current investigation.

When a blast wave strikes a building, a diffraction of the shock wave occurs, causing
interaction between the blast wave and the building. A decrease of the overpressure
occurs at the edge of the front wall due to the diffraction of shock waves (Naumoski
2004). Consequently, the relationship between load per unit area and duration shown in
Figure 2.4(a) is somewhat different from the relationship illustrated in Figure 2.2. The
reflected overpressure vs. time can be simplified as illustrated in Figure 2.4, which is
based on the idealized shock wave illustrated in Figure 2.2.

In Figure 2.4(a), Ps is the stagnation overpressure, t,is the shock arrival time and t. is
the clearing time defined as t,= 3S/U < tq4. In this equation, t4 is the positive phase

duration, U is the shock front velocity, and S is the clearing distance, which is defined as



the lesser of the height and one half of the building width. For t.> t4, the pressure vs. time
relationship for the front face of a building can be approximated to be linear as illustrated

in Figure 2.4(b).

2.4 Description and Design of the Selected Building

A 10-storey reinforced concrete office building was selected for investigation of
torsional effects under blast loading. The building was selected and designed as a frame
building in Ottawa, with a total height of 40 m. Figure 2.5 illustrates the plan and
elevation views of the building. The frames are considered to be the only structural
elements without any participation erm non-structural elements. The floor plan is
symmetric in both directions.

The building was originally designed by Dincer (2003) according to the 1995 edition
of the National Building Code of Canada (NBCC 1995), and 1984 edition of the CSA
Standard A23.3 (1984). The design was subsequently adapted to the requirements of the
2005 edition of NBCC (2005) and 2004 edition of CSA Standard A23.3 (2004). The
original design was conducted using a 2-D analysis computer software DRAIN-2D
(1973). Some details in design were slightly changed in the current study based on the
results of a 3-D elastic analysis using computer software ETABS (CSI 2002).
Accordingly, the dimensions of beam cross sections, except for the roof, were changed
from 300 mm x 500 mm (width x height) to 300 mm x 450 mm. The beam dimensions

used for the roof remained as 300 mm x 400 mm. Concrete compressive strength and
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reinforcement yield strength used were 30 MPa and 400 MPa, respectively.

The building was designed for seismic effects in addition to the gravity loads. The
seismic analysis was conducted using ETABS (CSI 2002) in accordance with the
provisions of Clause 4.1.8.12 and Clause 4.1.8.4 of NBCC 2005. The modal response
spectrum method was used in design. The design response spectrum is shown in Figure
2.6. The design spectral acceleration values, S(T), shown in the figure were determined as
follows:

S(T) = FaSa(0.2) for T < 0.2s
=F,S40.5) or F,S,(0.2), whichever is smaller for T = 0.5 s
=F,S,(1.0) for T =1.0s

=F,S4(2.0) for T =2.0s

=F,S4(2.0)/2 for T > 4.0s

where,

Fa: Acceleration-based site coefficient, which was obtained from Table 4.1.8.4.B of
NBCC 2005. Since the soil type was selected as very dense soil and soft rock
(Site Class C), F,= 1.0 in the current study.

Fy: Velocity-based site coefficient, which was taken as 1.0 based on Table 4.1.8.4.C
of NBCC 2005 for site class C.

T: Period of structure in seconds.

Sa(T): 5% damped spectral response acceleration values for the reference ground

conditions (Site Class C) for periods; T of 0.2 s, 0.5 s, 1.0 s, and 2.0 s, obtained
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from Appendix C of NBCC 2005.

Because the building is located in Ottawa, Sa(0.2), Sa(0.5), Sa(1.0), and S4(2.0) values
are taken as 0.66g, 0.32g, 0.13g, and 0.044g. There were 30 vibration modes included in
the modal response spectrum analysis although the effects of higher modes beyond the
first modes associated with horizontal displacements did not contribute in any significant
manner. The fundamental period of building was computed to be 2.98 s.

Three-dimensional elastic static analyses were also conducted using computer
software ETABS (CSI 2002). The gravity loads used in design are:

* Floor Dead loads: 5 kN/m?

* Floor Live loads: 2.4 kN/m?
* Roof Dead loads: 3.5 kN/m®
* Roof Live Loads: 2.2 kN/m”

Bending moments, axial forces and shear forces were computed for all beams and
columns. The design was based on the combined effects of: Dead load + Seismic load
+ 0.5(Live load), as required by CSA Standard A23.3-04 (CSA 2004). The reinforcement
and cross sectional details of the beams and columns for each floor are shown in Figure

2.7 and Figure 2.8. The thickness of slab for all floors is 125 mm.
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Chapter 3

Dynamic Analysis

3.1 Computer Program for Dynamic Analysis

The evaluation of torsional response of a building requires 3 dimensional (3-D)
analyses. The evaluation of blast response under impulsive dynamic loading requires
dynamic analysis. Therefore computer program ETABS (CSI 2002), with 3-D dynamic
analysis capabilities was selected. This software is a well known computer program,
which has been widely used in research and practical applications.

ETABS is part of well-known SAP series of structural analysis software. It provides
a fully integrated system for modeling, analyzing, designing, and optimizing building
structures. A frame element is used to model beam-column behavior, which is represented
by a straight line connecting two points (i.e. joints). The frame element uses a general
three-dimensional beam-column formulation, which includes the effects of biaxial
bending, torsion, axial deformation, and biaxial shear deformations. All six degrees of
freedom are considered at each joint of frame elements. Constraints and restraints are
used to decrease the number of unknown degrees of freedom to reduce the number of
equations in the system for computational efficiency.

ETABS consists of two types of analyses; i) linear and ii) nonlinear. Linear analysis

is used in this investigation. Therefore, the structural properties (stiffness, damping, etc.)
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remain constant during response and the results of different analyses under different types
of loads can be superposed, enabling the superposition of load effects for required load
combinations.

For reinforced concrete structural elements the program has the ability to compute
sectional and member capacities based on material properties, geometric data and the

specified reinforcement configuration.

3.2 Input Data and Analysis Options Employed

For a given structure, ETABS requires the following input data:
i. Geometric properties to define structural nodes and elements, as well as geometric
element properties.
ii. Joint constraints.
iii. External loads (static or dynamic).
iv. Type of analysis to be conducted.
v. Time span of dynamic analysis (if selected).

Two types of analyses were required in the current investigation; 1) modal analysis
and ii) time-history dynamic analysis. Modal analysis was used to determine the vibration
modes of the structure, which was required for mode superposition in dynamic analysis.
The eigenvector analysis was chosen for modal analysis. This type of analysis was used
for the seismic design of building as per NBCC (2005). Linear time-history analysis was

used to investigate structural response to blast loading. A step-by-step linear time
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integration technique was used for this purpose. Modal solution method was selected
instead of the Direct-integration method for this computation. The load, p(t), applied in a
given time-history case can be a function of space and time. It can be written as a finite

sum of spatial load vectors, 7, multiplied by time functions, f;(?), as:

pO=2. 1,0, (Eq.3.1)

fi(t) was taken as the linear time function corresponding to joint i, and r, consisted of
specified forces directed to an axis at joint .

The time-history analysis was performed with discrete time steps. The time span of
the analysis (i.e., the duration of the analysis) was 5 s. This time span is larger than the
natural period of the fundamental mode of 2.98 sec. The integration time step in the
analysis was 0.001s. Zero initial conditions were assumed, i.e., displacement, velocity,

and acceleration were all assigned zero values at time t = 0.

3.3 Modelling of Building

A three dimensional building model was generated by specifying the locations of
beam-column joints (nodes) and element lengths. Each element was modeled as a “stick
element” with beam-column properties, i.e., with abilities to simulate flexural, shear and
axial deformations.

The blast loads are specified similar to the approach used in wind load analysis. This
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implies that the blast loads acting on the exposure arca were transferred to act as
concentrated loads on corresponding joints connecting the columns and the beams as
illustrated in Figure 3.1. Load per unit area of the front face varies over the tributary area
of each joint, designated as A in Figure 3.2. For simplicity, however the force acting on a
given joint was assumed to represent an average value of the blast loads on the tributary
area associated with that joint. It was also assumed that 50% of the front face of a
building resists blast loads. This is an approximation and is based on the assumption that
50% of the front face area is not damaged during the blast and can transfer loads to the
joints. Therefore, the effective load area corresponding to each joint is designated as Ae,
and can be written as A.=Ay/2.

Given the forgoing assumption, the maximum dynamic load acting on a joint can be
expressed as the product of the effective area (A.) and the peak normally reflected
overpressures (p;). The design loads linearly decreases with the increase in time, as
shown in Figure 2.4(b). In this figure, P; (peak reflected overpressure), t, (shock arrival
time), and t4 (duration of the positive phase) of the joint i were obtained from Figure 2.3.

As discussed in the previous chapter, the building is completely symmetric, and
therefore there is no eccentricity between the center of mass and the center of rigidity.
The concrete floors (assumed as rigid diaphragms) constrain the joints of beams and
columns at floor levels to move together as planar diaphragms. Given this, the
translations of the geometric centre of each floor, i.e., the translation Uy, parallel to the X

axis, the translation Uy, parallel to the Y axis, and the rotation R, about the vertical axis Z,
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are uncoupled from each other in each storey.

3.4 Blast Load Scenarios

Explosions in this investigation are assumed to occur outside the structure on the
ground surface. The locations of centres of explosion, relative to the centre of rigidity of
the building, as well as the proximity to the building are illustrated in Figure 3.3. The
locations of explosions along the X axis (longitudinal direction of the building) are
designated as HD, and the locations from the front face of the building along the Y axis
(transverse direction of the building) are designated as VD, as illustrated in the Figure
3.3.

Both the explosive charge and detonation location are key factors for evaluating
blast load effects. In general, the charge and the location of an explosion are very
uncertain for a given attack scenario. For example, the charge depends on the vehicle
used during the attack. It can be in the order of 100 kg for a car-bomb, and 1000 kg or
more for a truck-bomb. The location of explosion relative to building depends on the
accessibility to building, i.e. whether a certain stand of distance is provided or not. Given
these uncertainties, a range of explosive charges, varying between 100 kg and 1000 kg
detonated at distances of 5m to 20m from the building are used in this study to conduct a
parametric investigation. Each charge-distance combination is labeled for easy
~ referencing. The symbol W represents the TNT charge weight, and VD and HD represent

transverse and longitudinal distances, respectively, relative to the centre of rigidity in
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transverse and longitudinal building plan directions. The values for W, VD, and HD used
in this study provide many charge-location combinations. A total of 21 cases, designated
in the form of VD-W-X were considered. As an example, the VD-W-X represented by
S5m-100kg-E represents an explosion resulting from a detonation of 100 kg TNT at 5 m
away from the building in the transverse direction on Line-E in Figure 3.3 (indicating
location in the longitudinal direction). The charge-location combinations considered in
this study are listed in Table 3.1. It can be seen that charges of W = 100 kg, 200 kg, 300
kg, 500 kg, 1000 kg, at VD = 5m, 10 m, 20 m and HD =3 m, 9 m, 15 m were considered.
It should be noted that in all cases, the explosions were assumed to occur along column
lines D, E, and F (see Figure 3.3). The triangular impulsive forcing function specified at
each node was computed from Figure 2.3 with due considerations given to charge weight
W (in Ibs) and R (in ft) as the distance to the joint of the structure in hand. The maximum
and minimum values of P, (peak reflected overpressure) and #; (duration of positive
impulse) for the building analyzed for different explosion scenarios are shown in Table
3.2. The maximum values of triangular impulse correspond to the closest first storey node
to the centre of explosion and the minimum values of triangular impulse correspond to

the farthest top corner node.
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Table 3.1 Explosion scenarios considered

Location,
TNT weight, Distance,
HD (Line*), m
W, kg VD, m
15m (Line-F) 9m (Line-E) 3m (Line-D)

100kg 5m 5m-100kg-F S5m-100kg-E 5m-100kg-D
5m 5m-200kg-F 5m-200kg-E 5m-200kg-D

200kg
10m 10m-200kg-F 10m-200kg-E 10m-200kg-D
300kg 10m 10m-300kg-F 10m-300kg-E 10m-300kg-D
10m 10m-500kg-F 10m-500kg-E 10m-500kg-D

500kg
20m 20m-500kg-F 20m-500kg-E 20m-500kg-D
1000kg 20m 20m-1000kg-F ~ 20m-1000kg-E ~ 20m-1000kg-D

* For line designations refer to Figure 3.3.
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Table 3.2  Maximum and minimum reflected overpressure (P,) and duration of positive
phase (t4) for triangular blast impulsive forcing functions
Maximum Values of Triangular Minimum Values of Triangular
Impulse Impulse
Case Reflected Duration of Reflected Duration of
overpressure | positive phase overpressure positive phase
(P)) in kpa (tg) in ms (Py) in kpa (tg) in ms

5m-100kg-F 3864 0.63 26.9 24.58
Sm-100kg-E 3864 9.63 29.1 24.44
S5m-100kg-D 3864 9.63 31.2 24.33
Sm-200kg-F 6389 11.43 36.7 29.92
5m-200kg-E 6389 11.43 46.6 27.74
S5m-200kg-D 6389 11.43 51.8 26.70
10m-200kg-F 1736 10.90 34.6 30.40
10m-200kg-E 1736 10.90 44.2 28.26
10m-200kg-D 1736 10.90 50.4 26.96
10m-300kg-F 2642 13.01 51.1 30.70
10m-300kg-E 2642 13.01 56.1 29.65
10m-300kg-D 2642 13.01 60.9 28.76
10m-500kg-F 4020 16.59 65.0 33.32
10m-500kg-E 4020 16.59 71.4 32.20
10m-500kg-D 4020 16.59 74.5 31.90
20m-500kg-F 535 19.60 60.2 34.28
20m-500kg-E 535 19.60 65.4 33.24
20m-500kg-D 535 19.60 70.3 32.36
20m-1000kg-F 1240 18.93 76.8 40.04
20m-1000kg-E 1240 18.93 79.6 39.87
20m-1000kg-D 1240 18.93 82.1 39.71
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Chapter 4
Results of Dynamic Analysis

4.1 Performance Parameters

The 10-storey building selected and presented in Chapter 2 is analyzed under
impulsive blast loads, applied at different levels of eccentricity relative to the centre of
rigidity. The results of one of the analyses are shown in Figure 4.1 as an example. As can
be seen, even a symmetrical building undergoes a torsional motion, in addition to the
translational motions in three orthogonal directions.

A parametric investigation was conducted using 21 different blast loads, generating
different degrees of torsion. The results were evaluated in terms of a number of selected
performance parameters. These parameters are summarized below:

* Maximum storey drifi. Storey drift ratio is a global response parameter and represents

the ratio of the difference in the horizontal displacements of the bottom and top floors of
a given storey to the height of the storey. The maximum values of storey drift ratios for
different cases of blast loads were computed from the response time histories of

displacements.

* Maximum rotation, R, Rotation is an appropriate parameter for measuring the

torsional response of buildings. In this study, since the centre of rigidity coincides with

the geometrical centre of each floor, the value of the rotation of the building, R, (about Z
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axis), is due to the eccentricity between the blast load (at each floor) and the centre of
rigidity.

* Maximum displacement in Y direction. Uy, represents the Y displacement of the centre

of mass (i.e. geometrical centre) in the Y direction, and Uy, represents the Y displacement
of joints of the building. ETABS provides both Uy, and U, displacements. Uy,
displacements were used to estimate the pure translation of building, and Uy
displacements were used to determine the torsional response. In this study, the
displacements in Y direction are much larger than those in X-direction, and therefore only
the displacements in the Y direction are discussed.

* N-M Demand/Capacity ratio for columns. The Demand/Capacity ratio (DCR), is

expressed as DCR = D/C, where, D = Demand (i.e., moment and axial force acting on the
column) resulting from elastic analysis, and C = Capacity of the column (i.e., moment
and axial force that the column can resist). The load combination 1.0DL + 0.5LL + 1.0BL.
was used for calculating demands, where DL is dead load, LL is live load and BL is blast
load. The capacity calculations included the strain rate effect by increasing material
strengths by 25%. This is consistent with the requirements of GSA Progressive Collapse
Document (2003). Hence, a strength increase factor of 1.25 was used to determine
dynamic strengths of both concrete and reinforcing steel. This was achieved by applying
¢s = 1.25 and ¢, = 1.25 as material resistance factors. The DCR values greater than 1.0
indicate that the column is overstressed.

Based on the comparison of the foregoing response parameters, the following topics
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are discussed in this chapter:
* Effects of the location of explosion centre along the building (designated HD in Figure
3.3).
* Effects of the distance from explosion centre to the front face of building (designated
VD in Figure 3.3).

* Effects of the explosive charge, W(kg).

4.2 Effects of the Location of Explosion Centre

A total of 21 analyses were conducted in 7 groups, classified in terms of the amounts
of explosive and distance to the explosion centre of the building. Each group comprised
of 3 cases of different detonation location. The comparison of response quantities is

carried out within each group. The classification of the groups is as follows:

* Group 1: 100kg TNT detonation at a distance of Sm on Lines D, E, and F;

* Group 2: 200kg TNT detonation at a distance of Sm on Lines D, E, and F;

* Group 3: 200kg TNT detonation at a distance of 10m on Lines D, E, and F;
* Group 4: 300kg TNT detonation at a distance of 10m on Lines D, E, and F;
* Group 5: 500kg TNT detonation at a distance of 10m on Lines D, E, and F;
* Group 6: 500kg TNT detonation at a distance of 20m on Lines D, E, and F;
* Group 7: 1000kg TNT detonation at a distance of 20m on Lines D, E, and F.

4.2.1 Effects of the Location of Explosion Centre on Storey Drift Ratio

The effects of the detonation location on storey drift ratios are illustrated in Figures
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4.2, through 4.4 and in Table 4.1. Each figure contains three curves, corresponding to
interstorey drifts due to the detonation of the same explosive charge at a fixed distance
along column lines D, E, and F. The results indicate that the distribution of drift along
building height indicates a similar trend. For explosions at a distance of 5m (i.e. Group 1
and Group 2), the maximum drift occur at the first storey level. For example, an
explosion of 200 kg explosives at a distance of 5 m along Line E produces a maximum
interstorey drift of 1.86% at the 1% floor level. On the other hand, for detonations at
distances of 10 m and 20m, shown in Figure 4.3 and Figure 4.4, maximum interstorey
drifts occur at the second storey level, though first storey drifts remain to be high.

Figures 4.2 to 4.4, illustrate that interstorey drifts are related to the location of the
explosion. An explosion at Line-E produces higher interstorey drift than those at Lines D
and F. However, the effects of the location of explosion could be negligible in some cases.
For example, at a distance of 20 m, when explosive weighs are less than 500 kg, the
maximum difference between interstorey drifts for explosions at Lines E and F is
approximately 0.0404%, which is very small and could be neglected for all practical
purposes. Among the cases considered, the maximum interstorey drift ratio of
approximately 2.3% occurs when 500 kg of explosives is located 10 m away from the
building. This level of drift may be too high for a gravity load buildings, without seismic

design and detailing.
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4.2.2 Effects of the Location of Explosion Centre on Building Rotation

Figures 4.5 to 4.7 show the effects of the locations of detonation on building rotation.
Maximum rotations occur consistently at the roof level with the smallest rotation taking
place at the first floor level. The explosion caused by 500 kg of explosives 10 m away on
Line F produces a maximum rotation of 0.00644 rad at the roof level.

Explosions at Line D produce less torsional motion as expected since Line D is
closer to the centre of rigidity. Figures 4.6 and 4.7 illustrate that at the same floor level,
the rotations increase with an increase in distance HD. Figure 4.5 indicates that rotations
caused by explosions at Line F (i.e. HD = 15 m) are smaller than those triggered by
explosion at Line E (i.e. HD = 9 m). This can be explained with the reduced tributary area
in the former case, though the eccentricity of load is higher. In spite of this difference in
tributary areas, relatively small differences in rotations are observed between explosions
taking place along Lines E and F. In general, however, torsional response increases with

increasing eccentricity of load, as expected.

4.2.3 Effects of the Location of Explosion Centre on Displacements

The maximum displacement at the centre of mass of each floor (i.e. Uy,) is shown in
Tables 4.2 to 4.8. These displacements represent pure translational response of the
building under blast loading. A general observation from these tables indicates that the
effect of the eccentricity of load is to reduce the displacement of the centre of rigidity.

Therefore, when HD is equal to 3.0 m, the horizontal displacement is higher than that for
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HD = 9.0 m, which is higher than that having HD = 15.0 m. In addition to the
translational motion, the rotational motion also contributes to displacements at joints (i.e.
Uy), and therefore the values of Uy shown in Figure 4.8, 4.9 and 4.10 depend on the
resultants of translational and rotational response. In all cases, the roof experiences

maximum displacements.

4.2.4 Effects of the Location of Explosion Centre on Nominal N-M
Demand/Capacity Ratio

The effects of the location of the detonation centre on nominal demand/capacity
ratios are shown in Figures 4.11 through 4.13 for Groupl, 4, and 7. The figures include
the nominal N-M DCRs for the bottom section of the first storey columns. These columns
are considered to be the most critical for structural design since they are subjected to the
largest forces. The three plans in each of these figures show the DCR results for
explosion at Lines D, E, and F. It can be observed from these figures that the maximum
DCR always corresponds to the corner columns, i.e., where Line F crosses Line 1. Also, it
can be seen that the DCR values for the columns on the same longitudinal line (i.e. X-X
line) decrease from the right side to the left side of building (i.e. from Line-F to Line-A).
Therefore, the columns of the sideline closer to the centre of explosion, especially the
corner columns, are the most critical elements to protect.

Figure 4.12 (a), (b), and (c), for Group 4 loading indicates that the explosion at Line-

E generates a maximum DCR of 2.93, which is larger than the DCR of 2.48 observed
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when the explosion is at Line-D. Similarly, the explosion at Line-E produces the smallest
DCR value of 1.12 which is much smaller than the DCR of 1.58 created by the explosion
at Line-D. This behaviour is attributed to torsional effects which could significantly
amplify structural response to blast loading for columns that are closer to the centre of
explosion. It is interesting to note that torsional effects caused by the same eccentric
loading reduce structural response for columns near the far end of the building plan.
Therefore, the number of overstressed columns (i.e. strength demands larger than the
capacity, i.e., DCR > 1.0), are substantially influenced by torsional effects. As seen in
Figure 4.12(a) and (b), for the cases of TNT 300 kg at a distance of 10 m, the detonation
at Line-D produces 24 overstressed columns, more than the 20 overstressed columns
caused by the detonation at Line-E. This is because of reductions in demands caused by
torsional effects in columns on Line-A and Line-B. The reductions in force demands due
to torsion are less when the explosion is at Line-D than those due to the explosion at
Line-E.

Table 4.9 shows the maximum nominal demand/capacity ratios for columns and the
number of first-storey columns with DCR larger than 1.0. This table demonstrates that in
general, the number of overstressed bottom-storey columns decreases with eccentricity of

blast load.
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4.3 Effects of the Distance of Explosion Centre from the
Building

Six groups of analyses were conducted to investigate the effects of the distance of
explosion to the building. Two cases in each group, within which the comparison of
response quantities is conducted, have an identical amount of explosives detonated along
the same column line but with different distances from the building. The classification of

the groups is as follows:

* Group I: 200 kg TNT detonation on Line F at distances of 5 m and 10 m;
*Group II. 200 kg TNT detonation on Line E at distances of 5 m and 10 m;
*Group I1I: 200 kg TNT detonation on Line D at distances of 5 m and 10 m;
*Group IV: 500 kg TNT detonation on Line F at distances of 10 m and 20 m;
*Group V: 500 kg TNT detonation on Line E at distances of 10 m and 20 m;
*Group VI: 500 kg TNT detonation on Line D at distances of 10 m and 20 m;

4.3.1 Effects of Explosion Distance to Building on Structural Response

Maximum_Storey Drift Ratio: Graphs (a), (b), and (c¢) of Figures 4.14 and 4.15,

include two curves each, showing maximum interstorey drifts along the building height
for those cases with identical explosive charge placed at 5 m and 10 m away from the
building on Line F, E, and D, respectively. The figures show that the interstorey drift
dramatically decreases with distance from the explosion. Figure 4.14(a), (b), and (c) show
that for the explosion of 200 kg of TNT (i.e. Group I, II, and III ), the maximum drifts
induced by an explosion at 5 m is approximately 2 to 3 times larger than those caused by

an explosion 10 m away from the building. Similarly, Figures 4.15(a), (b), and (c), show
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that the explosion of 500 kg TNT at 10 m causes approximately 3 to 4 times larger
maximum interstorey drifts than those induced by an explosion 20 m away from the
building. The comparison of results indicates that for two explosions of certain charge,
detonated at two different distances to the building, the ratio of the interstorey drifts at
any floor is approximately equal to the ratio of the detonation distances multiplied by a
constant. In the current investigation, the constant was found to be within the range of 4
to 6 for explosions of 200kg TNT, and within the range of 6 to 8 for explosions of 500 kg
TNT. |

Maximum Rotation. Figures 4.16 and 4.17 show torsional rotations induced along the

building height by explosions at distances of 5 m, 10 m and 20 m. The results indicate
that closer explosions generate higher torsional response. The explosion of 200 kg TNT
would cause much larger rotational response at 5 m than at a distance of 10 m. The
variation of torsional rotations along the building height is small for a distant explosion.
Close explosions result in a larger variation of rotations between the roof and the first
storey level.

Maximum_Displacement: Graphs (a), (b), and (c) of Figure 4.18 and Figure 4.19

show the effects of the distance of explosion to maximum building displacements. These
figures illustrate that the displacement response increases significantly with the proximity

of explosions to the building.
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4.3.2 Effects of Explosion Distance on N-M Demand/Capacity Ratios

The computed demand-capacity ratios (DCR) under different charge and distance
combinations are summarized in Table 4.10. The results indicate that the structure may
remain undamaged after blast when explosives of 500 kg or less are detonated at
distances longer than 20 m. This means that exceeding 20 m could be considered safe for
buildings with similar characteristics as those considered in the current investigation
under the explosion of 500 kg TNT. However, when the distance is reduced to 10 m, the
maximum DCR increases over 5.0 indicating significant damage to first-storey columns
and potential collapse of the building. Table 4.10 also indicates that the explosion of 200
kg of TNT within 5 m results in the entire first-storey columns to be overstressed with
DCRs exceeding 1.0. This indicates potential collapse of the building. However, when the
distance is increased to 10 m, less than 10 first-storey columns (42 % of bottom-storey
columns) developed DCR of larger than 1.0. This observation confirms once again the

importance of the distance of explosion on structural response and building damage.

4.4 Effects of TNT Charge Weight

The effect of the amount of explosives, expressed in terms of TNT equivalence, was
investigated through a series of building analyses. These analyses are put in nine groups,

as indicated below:

* Group a: 100kg and 200kg TNT on Line F at a distance of 5m;
* Group b: 100kg and 200kg TNT on Line E at a distance of Sm;

42



* Group c: 100kg and 200kg TNT on Line D at distances of 5m;
*Groupd:  200kg, 300kg and 500kg TNT on Line F at a distance of 10m;
*Groupe:  200kg, 300kg, and 500kg TNT on Line E at a distance of 10m;
* Group f: 200kg, 300kg, and 500kg TNT on Line D at a distance of 10m;
*Groupg:  500kg and 1000kg TNT on Line F at a distance of 20m;
*Grouph:  500kg and 1000kg TNT on Line E at a distance of 20m;

* Group 1: 500kg and 1000kg TNT on Line D at a distance of 20m;

4.4.1 Effects of TNT Charge Weight on Structural Response

Maximum Storey Drift Ratio: Figures 4.20, 4.21 and 4.22 illustrate interstorey drifts

for different weight of explosives detonated at the same location and distance. The results
indicate an increase in storey drift with increasing explosive weight. The results indicate
that doubling the charge weight results in approximately twice the storey drift in building
response. It appears that the ratio of two charge weights is approximately the same as the
ratio of structural response attained through dynamic analysis.

Maximum_Rotation: Figures 4.23 through 4.25 show the rotational response of

building as a function of charge weight. The results indicate that an increase in charge
weight produces approximately a proportional increase in building rotation. It is also
observed that low explosive weights result in approximately constant rotation throughout
the height of the building, though higher charges produce higher rotations at the roof
level.

Maximum Displacement. Graphs (a), (b), and (c) of Figures 4.26 through 4.28, show
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the effects of explosive charge on maximum displacement of the building. It can be seen
in these figures that horizontal displacements in the direction of blast wave pressure

increase with increasing charge weight proportionately.

4.4.2 Effects of Charge Weight on N-M Demand/Capacity Ratio

Table 4-11 provides a summary of nominal demand-capacity ratios (DCR) for
columns. Maximum values of DCR and the number of overstressed first-storey columns
increase with the explosive weight. When the building is subjected to an explosion of 500
kg TNT at 20m on Line D, the maximum DCR of the columns is 1.0 and none of the
columns is overstressing, indicating elastic structural response. When the explosive
weight is doubled to 1000 kg, the maximum DCR increases to 2.67 and the entire

first-storey columns are overstressed.
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Table 4.1 Maximum interstorey drifts

Group Case Storey drift on Y-direction
(%)
5m-100kg-F 0.6078
Group 1 5m-100kg-E 0.8190
5m-100kg-D 0.6571
5m-200kg-F 1.3960
Group 2 5m-200kg-E 1.8617
5m-200kg-D 1.5343
10m-200kg-F 0.5329
Group 3 10m-200kg-E 0.6342
10m-200kg-D 0.5924
10m-300kg-F 0.8737
Group 4 10m-300kg-E 1.0496
10m-300kg-D 0.9689
10m-500kg-F 1.7449
Group 5 10m-500kg-E 2.1398
10m-500kg-D 1.9018
20m-500kg-F 0.5646
Group 6 20m-500kg-E 0.6050
20m-500kg-D 0.5955
20m-1000kg-F 1.1836
Group 7 20m-1000kg-E 1.3001
20m-1000kg-D 1.2765
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Table 4.2 Maximum Y-displacement at the centre of mass for detonation of 100kg TNT at
distance of 5m (i.e. Group 1)

Uyo (units: mm)

Floor 5m-100kg-F 5m-100kg-E 5m-100kg-D
1 11.3 18.3 20.6
2 18.6 27.8 31.3
3 22.8 32.5 36.3
4 255 35.1 38.9
5 274 36.7 40.7
6 28.3 37.1 40.9
7 31.9 38.8 42.0
8 37.3 45.2 48.9
9 44.6 54.8 59.6
10 52.1 65.8 72.0

Table 4.3 Maximum Y-displacement at the centre of mass for detonation of 200kg TNT at
distance of 5Sm (i.e. Group 2)

Uyo (units: mm)

Floor 5m-200kg-F Sm-200kg-E 5m-200kg-D
1 26.2 41.9 48.1
2 41.7 63.4 72.2
3 49.5 72.2 81.6
4 53.6 76.1 85.3
5 56.5 78.1 87.0
6 57.6 78.2 86.7
7 60.5 78.3 86.5
8 70.6 88.8 96.6
9 85.8 109.8 120.0
10 102.7 135.1 148.7
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Table 4.4 Maximum Y-displacement at the centre of mass for detonation of 200kg TNT at
distance of 10m (i.e. Group 3)

Uyo (units: mm)

Floor 10m-200kg-F 10m-200kg-E 10m-200kg-D
1 10.8 15.0 17.2
2 21.1 28.1 31.8
3 28.1 36.2 40.5
4 32.8 41.1 45.6
5 36.8 449 49.3
6 394 46.8 51.1
7 46.0 ' 53.2 57.1
8 541 62.5 67.0
9 64.1 75.0 81.0
10 73.2 87.1 945

Table 4.5 Maximum Y-displacement at the centre of mass for detonation of 300kg TNT at
distance of 10m (i.e. Group 4)

Uyo (units: mm)

Floor 10m-300kg-F 10m-300kg-E 10m-300kg-D
1 17.8 25.4 29.1
2 34.0 46.2 52.3
3 44.2 58.2 65.3
4 50.8 65.2 72.7
5 55.8 70.0 77.5
6 58.4 72.3 79.6
7 66.4 78.6 85.1
8 78.2 92.6 100.4
9 93.8 112.6 122.6
10 108.8 132.8 145.4
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Table 4.6 Maximum Y-displacement at the centre of mass for detonation of 500kg TNT at
distance of 10m (i.e. Group 5)

Uyo (units: mm)

Floor 10m-500kg-F 10m-500kg-E 10m-500kg-D
1 35.8 52.4 60.5
2 63.9 90.3 104.1
3 81.1 110.8 126.3
4 91.5 121.9 137.9
5 98.1 128.0 143.9
6 103.5 130.1 145.5
7 124.6 142.5 149.1
8 137.5 162.9 176.0
9 157.5 196.0 217.2
10 185.5 234.3 260.8

Table 4.7 Maximum Y-displacement at the centre of mass for detonation of 500kg TNT at
distance of 20m (i.e. Group 6)

Uyo (units: mm)

Floor 20m-500kg-F 20m-500kg-E 20m-500kg-D
1 12.0 14.1 15.0
2 26.8 30.6 32.5
3 37.1 42.7 45.5
4 453 51.7 55.0
5 52.1 58.7 62.2
6 58.5 64.5 67.8
7 69.1 76.0 79.8
8 81.6 90.2 94.9
9 95.6 106.1 111.9
10 106.7 119.0 125.6
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Table 4.8 Maximum Y-displacement at the centre of mass for detonation of 1000kg TNT at
distance of 20m (i.e. Group 7)

Uyo (units: mm)

Floor 20m-1000kg-F 20m-1000kg-E 20m-1000kg-D
1 24.7 29.8 33.2
2 54.6 64.0 70.4
3 76.3 89.1 97.2
4 93.0 107.2 115.9
5 105.6 120.8 129.9
6 115.7 130.0 138.3
7 136.5 152.9 162.4
8 161.9 181.3 192.6
9 190.4 214.6 228.7
10 213.9 242 .4 259.3

49



Table 4.9 Effects of the location of explosion on maximum Nominal Demand/Capacity
ratio of first-storey columns

Maximum N-M | The Number of Overstressed
Group Case . .
capacity ratio Bottom Columns
5m-100kg-F (HD=15m) 1.891 10
Group 1 5m-100kg-E (HD=9m) 2.681 14
5m-100kg-D (HD=3m) 1.922 20
5m-200kg-F (HD=15m) 4.577 20
Group 2 5m-200kg-E (HD=9m) 6.233 24
5m-200kg-D (HD=3m) 4.992 24
10m-200kg-F (HD=15m) 1.330 6
Group 3 10m-200kg-E (HD=9m) 1.645 10
10m-200kg-D (HD=3m) 1.352 8
10m-300kg-F (HD=15m) 2.371 14
Group 4 10m-300kg-E (HD=9m) 2915 20
10m-300kg-D (HD=3m) 2.484 24
10m-500kg-F (HD=15m) 5.440 24
Group 5 10m-500kg-E (HD=9m) 6.949 24
10m-500kg-D (HD=3m) 5.928 24
20m-500kg-F (HD=15m) 1.000 0
Group 6 20m-500kg-E (HD=9m) 1.078 2
20m-500kg-D (HD=3m) 1.000 0
20m-1000kg-F (HD=15m) 2.576 24
Group 7 | 20m-1000kg-E (HD=9m) 2.889 24
20m-1000kg-D (HD=3m) 2.671 24
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Table 4.10 Effects of the distance of explosion on maximum nominal Demand/Capacity
ratio of first-storey columns

Maximum N-M The Number of Overstressed
Group Case . .
capacity ratio Bottom Columns

Grows | 5m-200kg-F 4.577 20
P 10m-200kg-F 1.330 6
5m-200kg-E 6.233 24

Group Il 1 61 -200ke-E 1.645 10
| 5m-200kg-D 4.992 24

Group L1 6 200kg-D 1.352 8
10m-500kg-F 5.440 24

Group IV | om-500kg-F 1.000 0
10m-500kg-E 6.949 24

Grow V| 0m-500ke-E 1.078 2
10m-500kg-D 5.928 24
G

oup VI 0m-500ke-D 1.000 0
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Table 4.11 Effects of the explosive charge on maximum nominal Demand/Capacity ratio
of first-storey columns

Group Case Maximum N-M The Number of Overstressed
capacity ratio Bottom Columns

Group-a 5m-100kg-F 1.891 10
5m-200kg-F 4.577 20
Group-b 5m-100kg-E 2.681 14
5m-200kg-E 6.233 24
Group-c 5m-100kg-D 1.922 20
5m-200kg-D 4,992 24
Group-d 10m-200kg-F 1.330 6
10m-300kg-F 2.371 14
10m-500kg-F 5.440 24
Group-¢ 10m-200kg-E 1.645 10
10m-300kg-E 2.915 20
10m-500kg-E 6.949 24
Group-f 10m-200kg-D 1.352 8
10m-300kg-D 2.484 24
10m-500kg-D 5.928 24
Group-g 20m-500kg-F 1.000 0
20m-1000kg-F 2.576 24
Group-h 20m-500kg-E 1.078 2
20m-1000kg-E 2.889 24
Group-i 20m-500kg-D 1.000 0
20m-1000kg-D 2.671 24
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Figure 4.1 Maximum Y-displacement of the roof for the case of 5Sm-200kg-E
(units in mm)
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Figure 4.2 Effects of the eccentricity of blast loads on interstorey drifts
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Figure 4.3 Effects of the eccentricity of blast loads on interstorey drifts
(Explosion at 10 m)
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Figure 4.7 Effects of the eccentricity of blast loads on maximum rotation in radians
(Explosion at 20 m)

59



10
g | (a) Group 1
8 |
_ T
o
5 6
=
‘g 5
T o4
3
5 —=— 5m-100kg-D
. —+— 5m-100kg-E
0 . ; . ‘ —— 5m-100kg-F
0 50 100 150 200 250 300 350
Uy (mm)
10
g9 (b) Group 2
8
- 77
o
5 6|
=
g
=4
3 L
5 | -s— 5m-200kg-D
! —+— 5m-200kg-E
0 , , —— 5m-200kg-F
0 50 100 150 200 250 300 350

Uy (mm)

Figure 4.8 Effects of the eccentricity of blast loads on maximum displacement of joints

(Explosion at 5 m)

60



10
9t (a) Group 3
8 |
— 7 i
(o]
5 6
—
5 50
=]
= o4
3 | —=—10m-200kg-D
2 1 ——10m-200kg-E
LT —+— 10m-200kg-F
0 , , . ‘ :
0 50 100 150 200 250 300 350
Uy (mm)
10
9 (b) Group 4
8 L
—_— 7 3
(>l
5 6T
—
5 5T
(=]
[
3 | —=—10m-300kg-D
2 r ——10m-300kg-E
1 | ~+ 10m-300kg-F
0 50 100 150 200 250 300 350
Uy (mm)
10
9 L
g | (c) Group 5
e 7 [
(o]
5 6F
—
g ° |
= o4F
3k —=— 10m-500kg-D
2r —— 10m-500kg-E
LT —+ 10m-500kg-F
0 . . . .
0 50 100 150 200 250 300 350
Uy (mm)

Figure 4.9 Effects of the eccentricity of blast loads on maximum displacement of joints
(Explosion at 10 m)

61



Floor Level

Floor Level

—
[l

—

—
(el

DD W 1 B N\ O
e S B S

(el —_ N W (9] a = w O
T T T

(a) Group 6
-=— 20m-500kg-D
—— 20m-500kg-E
—— 20m-500kg-F
50 100 150 200 250 300 350
Uy (mm)
(b) Group 7
—s— 20m-1000kg-D
—— 20m- 1000kg-E
—— 20m-1000kg- F
50 100 150 200 250 300 350
Uy (mm)

Figure 4.10 Effects of the eccentricity of blast loads on maximum displacement of joints

(Explosion at 20 m)

62



0.925

= = ‘:._— = rp— g [ p—
1.082 1.143 1.326 1.5156 1.707 1.912
1
| | |
!

0.923

1.040

—%xplosion (a) 5m-100kg-D

0.748

0.467
|
I i 1 1 ‘
i
jn DR, SUS - » - - 4+
0.461 0.577 0.859 1.219 1617 2.496]
]
1 | } . | |
, I
S S N N N
0.739 0.895 1215 1641 2,120 2589 ¢
)|
_+e_xplosion (b) 5m-100kg-E
N = o = 0 = - s
0.602 0.599 0.7 1.075 1.430 1488‘27
il
i
! 1
n D, S, - et - ——~»—+
0.380 0.373 0.515 0.750 1.080 1.758
!
] 1 1 I 1 ‘
]
n IR S — | - 0 - ————4+
0.354 0.372 0.514 0.749 1.080 1759
|
I H i i r 1
. !
: S S W S N —
0.591 0.594 0.768 1071 1,443 1891 ¢
¢!

explosion (¢) 5m-100kg-F
O D/C<or=1.0
W D/C>1.0
Figure 4.11 Maximum nominal N-M Demand/Capacity ratio of first-storey columns
when 100 kg of explosive charge detonated at 5 m (i.e. Group 1)



1.6567 1.695 1.868 2.048 L
I
!
! |
" - - . - - — ﬁ
1.491 1.340 1.498 1.660 1.825 2.448
1
I I t i i 1
1
» - » - = - » - —_ *
1.489 1.340 1.497 1.660 1.824 2.443,
'
, < 1 | | |
l | |
S NS S N S—
1.581 1.714 1.888 2.066 2,263 2.484 &
_+e_xplosion (Cl) 10m—300kg—-D
sy = . P pp— e ———
1.102 1.231 1.615 2.051 2.505 2.915
i
i
i 1 I 1 I ‘
i
I
e - l - - - —
0.884 0.878 1.199 1.558 1.964 2.908
i
b I i I I ;
3
[} - {1 - L - . - -— 4+
0.879 0.877 1.198 1.558 1.964 2.911
i
| , | |
| i
" - » - " N S
1121 1.227 1.839 2.073 2,526 2.930 OE
_+e_xplosion (b) 10m~-300kg—E
M T = » = S, Sy
0.894 0.928 1.113 1.466 1,919 2,3;3T
1
1
I I ] I | ’
! 1
[ SR, S S— - —
0.647 0.613 0.758 1.088 1.436 2.287
|
t ! b ] ] ‘
1
H - ! - o - " . N +
0.841 0.611 0.756 1.087 1.436 2.289,
b
| . | | | 1
l L |
1
0.886 0.924 1111 1.491 1.943 2.371 £

Figure 4.12 Maximum nominal N-M Demand/Capacity ratio of first-storey columns

explosion

(¢) 10m=300kg—F

0O D/C<or=1.0
W DC>10

when 300 kg of explosive charge detonated at 10 m (i.e. Group 4)

64



2.078 2128 2.223

= - - - +f ——
1.977 1674 17SB+ 1AB45+ 1.934 2.4
¥
t

@
.
_ﬁf@
.|
B Bl

!
e | - - - -
1.974 1674 1.758 1.845 1.934 2.495,
] ] ! 1 t
L L |
| | - - = =
2179 2.201 2.299 2.404 2.522 2671 £
o

{a) 20m-1000kg-LC

&
x

s
o
o,
o
3

1.721 1.946T 2.202 2.476 R.774
!

1.464

1
1.258 1.465 1.697 1.947 2.718 |
)

1.423

1.421

17 T 71
m
E|
|

1.608 1.759 1.988 2.250 2.5661 2.889 &
5
lexplosion (b) 20m-1000kg—E
= 4., = = = AR ————
1,833 1.701 1.648 1.830 2177 2.454
!
1 1 1 | | I
b
" - R - ' -
1.871 1.354 1.281 1.383 1.666 2.422
I I 1 i I 1
- - » - - - - #
1.854 1.354 1.279 1.384 1.667 2.431
i
1 I ] i | ’
1
' - - - - R
1.934 1.829 1.760 1.914 2.226 2576 g

)

explosion_+_ (c) 20m-1000kg-F

O D/C<or=1.0
HD/IC>10

Figure 4.13 Maximum nominal N-M Demand/Capacity ratio of first-storey columns
when 1000 kg of explosive charge detonated at 20 m (i.e. Group 7)



10
9 (a) Group 1
8
7
2 6
Ss
[7¢]
/1 s
3
2
) —— 5m-200kg-F
0 -=—10m-200kg-F
0 0.4 0.8 1.2 1.6 2 2.4
Interstorey drift (%)
10
9 (b) Group II
8
‘7 L
&->;. 6
25
[7¢]
/1 -
3 L
2 |
L —+— 5m-200kg-E
0 : . N -=—10m-200kg-E
0 0.4 0.8 1.2 1.6 2 2.4
Interstorey drift (%)
10
9 (c) Group IIT
8
7
? 6
Ss
[72]
4
3
2
. —— 5m-200kg-D
0 -=— 10m-200kg-D
0 0.4 0.8 1.2 1.6 2 2.4
Interstorey drift (%)

Figure 4.14 Effects of the distance from explosion centre to building on interstorey drift
for charge weight of 200 kg

66



—
(=]

Storey
o —_ N W o »; M 3 o W

—_
(=]

Storey
o —_ no [F-RNSN [S2 e PENEN | oo WO

—_
o

Storey
() — no w _— [52] [o2] -~ [0 o] ©

(a) Group 1V

——10m-500kg-F
: } ‘ —=—20m-500kg-F
0 0/1 0.8 1.2 1.6 2 2.1
Interstorey drift (%)
(b) Group V
——10m-500kg-E
‘ ) , , —=—20m-500kg-E
0 0.4 0.8 1.2 1.6 2 2.4
Interstorey drift (%)
(c) Group VI
——10m-500kg-D
~=—20m-500kg-D
0 0.1 0.8 1.2 1.6 2 2.1
Interstorey drift (%)

Figure 4.15 Effects of the distance from explosion centre to building on interstorey drift

for charge weight of 500 kg

67



10
g} (a) Group |
8 -
7 F
> 6 }
o
5 5
o1t
3 -
2 -
Ll —+— 5m-200kg-F
0 : ‘ , , ‘ —=—10m-200kg-F
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
9 | (b) Group II
8 |
7 L
> 6
(&}
5 5|
n 4t
3
2
. —— 5m-200kg-E
0 - 10m-200kg-E

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)

—
o

s (c) Group 111

—+— 5m-200kg-D
, 1 ‘ ‘ ) , ~=—10m-200kg-D
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Rotation (r ad)

Stor ey
o — [\~ w =N ot o -3 [0 e}

Figure 4.16 Effects of the distance from explosion centre to building on building rotation
in radians for charge weight of 200 kg

68



10
Z I /mlv
7 b
3 o
5 5[
n 4t
3 |
9t
! ——10m-500kg-F
0 ' , . ) ‘ -s~ 20m-500kg-F
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
T (b) Group V
g }
7 |
> 6
5 5
n 4
31
a1
al ——10m-500kg-E
0 : . J ‘ , —=— 20m-500kg-E
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
9t (c) Group VI
g |
71
> 6}
[}
5 51
» 4t
3t
9 L
) —— 10m-500kg-D
0 B —-=— 20m-500kg-D

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)

Figure 4.17 Effects of the distance from explosion centre to building on building rotation
in radians for charge weight of 500 kg

69



Floor Level

Floor Level

Floor Level

—
<

—_
<

—
<o

S = o W [N | D~ 0w W
T T T T T T T T T

O = DN W ol g1 D~ D W
T LN M e e e

O = NN W A g Y oW
T p—— LM a—

(a) Group 1
—=— 5m-200kg-F
—+— 10m-200kg-F
50 100 150 200 250 300 350
Uy (mm)
(b) Group 11
—=— 5m-200kg-E
, . 1 ' —— 10m-200kg-E
50 100 150 200 250 300 350
Uy (mm)
(c) Group I
—— 5m-200kg-D
—— 10m-200kg-D
50 100 150 200 250 300 350

Uy (mm)

Figure 4.18 Effects of the distance from explosion centre to building on maximum

horizontal displacement of joints for charge weight of 200 kg

70



10
9 (a) Group IV
8 L.
p— 7 [
o
5 6
)
5 °F
=)
= oaf
3
5 —=— 10m-500kg-F
! —— 20m-500kg-F
0 - ‘ : : ‘
0 50 100 150 200 250 300 350
Uy (mm)
10
T (c) Group VI
8 .
— 7 i
5 6
2
5 57T
[}
B 4
3 F
5 | -=—10m-500kg-D
Lr —+— 20m-500kg-D
0
0 50 100 150 200 250 300 350
Uy (mm)
10
9 L
o (b) Group V
— 7 i
(]
% 6F
1
s 5T
[}
= o4
3
) —— 10m-500kg-E
Lr —+— 20m-500kg-E
0 i’ Il L "l ]
0 50 100 150 200 250 300 350

Uy (mm)

Figure 4.19 Effects of the distance from explosion centre to building on maximum
horizontal displacement of the centre of rigidity for charge weight of 500 kg



10
9 (a) Group-a
8
7
2 6
S5
[70]
1
3
2
. —— 5m-100kg-F
0 -+ 5m-200kg-F
0 0.1 0.8 1.2 1.6 2 2.4
Interstorey drift (%)
10
9 (b) Group-b
8 .
7 -
adl
35|
77!
/1 -
3 .
2 -
L —— 5m-100kg-E
o —=— 5m-200kg-E
0 0.4 0.8 1.2 - 1.6 2 2.4
Interstorey drift (%)
10
9 (c) Group-c
8
7
2 6
s
n
4
3
2
. ~+—5m-100lg-D
o —=— 5m-200kg-D
0 0.4 0.8 1.2 1.6 2 2.1
Interstorey drift (%)

Figure 4.20 Effects of charge weight on interstorey drifts
(explosion at 5 m)

72



—
<

Storey
o —_ [N} w [ ]} (=) -~ [0 e

—_
<

Storey
< — Do w -~ Ol (=) ~ .00 W

Storey
o — D w =S w (o) -~ [0 e

—_
<

(b) Group-e

Interstorey drift (%)

(a) Group-d

Interstorey drift (%)

(c) Group-f

i

<

Interstorey drift (%)

—— 10m-200kg-E
—— 10m-300kg-E
—+— 10m-500kg-E

0 0.4 0.8 1.2 1.6 2 2.1

——10m-200kg-F
=~ 10m-300kg-F
—+ 10m-500kg-F

0 0.4 0.8 1.2 1.6 2 2.4

——10m-200kg-D
—— 10m-300kg-D
—+ 10m-500kg-D

0.4 0.8 1.2 1.6 2 2.4

Figure 4.21Effects of charge weight on interstorey drifts

(explosion at 10 m)

73



—
(=]

Storey
< — [ [#4) (&N [$] [e)] -~ 00 W

—
<

Storey
[ R w (&N ()] [ -3 e o] <©

Storey
(=) — Now [N [ -~ @ <©

—
(=]

(a) Group-g
—— 20m-500kg-F
. 5 -=— 20m-1000kg-F
0 0.4 0.8 1.2 1.6 2 2.1
Interstorey drift (%)
(b) Group-h
—— 20m-500kg-E
—=—20m-1000kg-E
0 0.4 0.8 1.2 1.6 2 2.4
Interstorey drift (%)
(c) Group-i
——20m-500kg-D
~=— 20m-1000kg-D
0 0.4 0.8 1.2 1.6 2 2.1
Interstorey drift (%)

Figure 4.22 Effects of charge weight on interstorey drifts

(explosion at 20 m)

74



10
9 (a) Group-a
8 =
7 -
> 6}
[
5 5
?o4t
3 L
2 -
) —— 5m-100kg-F
!
o : ‘ . ‘ . . ~=— 5m-200kg-F
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
g } (b) Group-b
8 |
7 ..
> 6 t
[
5 5
» 4t
3 |
2 L
b —— 5m-100kg-E
0 ' . . ) , -=— 5m-200kg-E
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
9 (¢) Group-¢
8 =
7 L.
> 6 F
(]
5 5
» o4}
3 =
2 |
! ——5m-100kg-D
0 ) , . , ‘ , -=— 5m-200kg-D

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)

Figure 4.23 Effects of charge weight on maximum building rotation in radians
(explosion at 5 m)

75



—~— 10m-200kg-F
—=— 10m-300kg-F
—— 10m-500kg-F

—— 10m-200kg-E
——10m-300kg-E
—+—10m-500kg-E

—— 10m-200kg-D
—— 10m-300kg-D

10
9 I
g | (a) Group-d
7 b
N
5 5
w 4t
3 |
a1
1 |
0 . . . l . ‘
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
91 (b) Group-e
g I
7t
5o
s 5[
» 4t
3}
2 1
1 b
0 . . . . .
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
9} (c) Group-f
8t
7t
s °f
5 5|
w4}
3}
9 |
1k
0

Rotation (r ad)

—+—10m-500kg-D

0 0.001 0.002° 0.003 0.004 0.005 0.006 0.007

Figure 4.24 Effects of charge weight on maximum building rotation in radians

(explosion at 10 m)

76



10
9} (a) Group-g
8 n
7 L.
> 6 |
(] )
5 5|
B4 f
3 -
2 L
| —— 20m-500kg-F
0 , , ) ‘ ‘ —=— 20m-1000kg-F
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
9} (b) Group-h
8 s
7 o
> ¢
5 5
n o4t
3 L
2 L
o —— 20m-500kg-E
0 ) , ‘ , ‘ ‘ —=—20m-1000kg-E
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)
10
9} (c) Group-i
8
71
> 6 I
[
5 5
n o4t
3 =
2 |
! ——20m-500kg-D
0 B -=— 20m-1000kg-D

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Rotation (r ad)

Figure 4.25 Effects of charge weight on maximum building rotation in radians
(explosion at 20 m)

77



10
gl (a) Group-a
8 L
— 7 i
[
5 6|
—
5 57T
[=]
=4
3 =
2 ~-=— 5m-200kg-F
l -
o —— 5m-100kg-F
0 50 100 150 200 250 300 350
Uy (mm)
10
9t (b) Group-b
8 L
—_— 7 i
o
5 6|
—
8 9T
o
o4
3 -
2 ~-=— 5m-200kg-E
LT —— 5m-100kg-E
0
0 50 100 150 200 250 300 350
Uy (mm)
10
9 } (c) Group-c
8 .
— 7 [
[P
5 6|
—
g5 57T
o
= 47
3 L
2 | ~-=— 5m-200kg-D
Lr —— 5m-100kg-D
0 L L L L L Fl
0 50 100 150 200 250 300 350
Uy (mm)

Figure 4.26 Effects of charge weight on maximum displacement of joints
‘ (explosion at 5 m)

78



—
o

9 (a) Group-d
8 L
— 7 i
o
% 6
—
g °
W= 4
3
5 —=— 10m-200kg-F
| ——10m-300kg-F
0 —— 10m-500kg-F
0 50 100 150 200 250 300 350
Uy (mm)
10
9 L.
(b) Group-¢
8 |
— 7 i
[0}
5 6
—
5 °]
ot
3 L
5 | —=— 10m-200kg-E
! —— 10m-300kg-E
0 —— 10m-500kg-E
0 50 100 150 200 250 300 350
Uy (mm)
10
E (c) Group-f
8 |
— 7 [
[5]
% 6f
—
s 5
=]
w4 f
.l ~=— 10m-200kg-D
o | —+— 10m-300kg-D
Lt —+— 10m-500kg-D
0
0 50 100 150 200 250 300 350

Uy (mm)

Figure 4.27 Effects of charge weight on maximum displacement of joints
(explosion at 10 m)



—_
(=]

- . (a) Group-f

Floor Level

—a— 20m-500kg-F

— DD W [$2] D =3 [oo3{e]
T

—e— 20m-1000kg- F

(=]

0 50 100 150 200 250 300 350
Uy {(mm)

—
(=]

[ (b) Group-g

—a— 20m-500kg-E

—e—20m-1000kg-E

0 50 100 150 200 250 300 350
Uy (mm)

Floor Level
(=] — Do w [ ] (=2} -3 0 ©

—_
(=]

i (c) Group-h

Floor Level
Do W [ ()] ()] - [0 0] el

—=— 20m-500kg-D

Lr —+— 20m-1000kg-D

0 . ! . . .
0 50 100 150 200 250 300 350

Uy (mm)

Figure 4.28 Effects of charge weight on maximum displacement of joints
(explosion at 20 m)

80



Chapter 5
Summary and Conclusions

5.1 Summary and Conclusions

Torsional response of buildings occurs due to the eccentricity of resultant blast loads.
This is also true for buildings with symmetric floor plans. The current investigation is
intended to explore the significance of torsional response under different explosive
charge, proximity to building, and load eccentricity combinations. Three dimensional
dynamic time history analyses were conducted for this purpose. The blast load was
idealized as a triangular impulsive forcing function. The analyses were limited to elastic
response. A 10-storey reinforced concrete building was designed according to the 2005
edition of the National Building Code of Canada and the 2004 edition of the CSA
Standard A23.3. The performance of the building was evaluated by considering
interstorey drift, building rotation, horizontal displacement, and N-M Capacity/Demand
ratios for columns.

The building was subjected to blast loads resulting from the detonations of 100 kg,
200 kg, 300 kg, 500 kg, and 1000 kg TNT (W), at distances of 5 m, 10 m, and 20 m away
from the building (VD). The centre of explosion was placed at different eccentricities
relative to the centre of rigidity of the building (HD). These locations coincided with

column lines F, E, and D, shown in Figure 3.3.
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The following conclusions can be drawn from this analytical research project:

>

Maximum interstorey drifts are closely related to the eccentricity of blast loads.
This effect can be neglected in practical applications for small size charges and
distant explosions. For example, an explosion caused by less than 500 kg TNT at
distances of 20 m and longer would produce very small interstorey drifts so that
the effects of the eccentricity of blast loads could be neglected in practical
applications.

The eccentricity of blast load plays a significant role on torsional response. The
rotation of the building caused by a detonation with 9 m of eccentricity relative to
the centre of rigidity is significantly larger than that caused by a detonation at 3m
of eccentricity.

The pure translational response, represented by the displacement of the geometric
centroid of building, decreases with the eccentricity of load. An explosion closer
to the centre of rigidity (considered in the plan of a building), generates much
larger translational deflections than an explosion farther from the centre of
rigidity.

The maximum displacement of each joint (i.e. Uy) varies with the eccentricity of
load. The rate of increase in joint displacements is different at different locations
of beam-column joints within the building plan because of the interaction of
translational and rotational response.

The perimeter columns, especially the corner columns are the most critical under
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blast loads with centre of explosion having eccentricity relative to the centre of
rigidity of the building. The most critical location of explosion centre is near
column line E, affecting full tributary area of transverse bay. As the eccentricity of
load increases further (say to column line F) the surface area that is affected by
the explosion, the structural response reduces even though the torsional effects
increase.

The relative location of explosion (eccentricity of the resultant blast load) has a
significant effect on the magnitude of torsional response. This can be estimated by
evaluation demand-capacity ratios (DCR). The number of overstressed columns
with DCR exceeding 1.0 is substantially influenced by the eccentricity of blast
loads.

Structural response decreases drastically with the increase of distance of explosion
from the building. For the reinforced concrete building considered in this study, a
detonation distance of 20 m and larger could be considered as a secure distance
for bombs with equivalent TNT mass of 500 kg and smaller. However, when the
distance decreases to 10 m, the same size bomb-blast can result in a total
structural collapse because of the damage of entire first storey columns. The same
destruction can be expected under reduced charge mass of 200 kg if detonations
take place at Sm or closer distances. A 200 kg bomb at 10 m can produce partial
damage or local failures in structures with similar characteristics as the 10-storey

reinforced concrete frame building considered.
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> The increase in interstorey drift ratio due to a decrease in distance of explosion
can be estimated by finding the ratio of distances multiplied by a constant. This
constant was found to vary between 4.0 and 6.0 for 200 kg charge weight and 6.0
to 8.0 for 500 kg charge weight.

» For a given detonation distance, the ability of the building considered in this
investigation to resist bomb blast is strongly affected by the amount of explosives.
The structural response may be in the elastic range when a 500 kg explosive is
detonated at 20m of distance. If the weight of explosive increases to 1000 kg
(while detonating the same distance of 20 m), the entire first-storey columns are
overstressed, potentially resulting in total structural collapse.

» Maximum structural response (maximum interstorey drifts, maximum transverse
deflections and maximum torsional rotations) is approximately proportional to the
amount of explosives detonated. For example, the detonation of 1000 kg TNT at
20 m distance produces approximately twice the response when compared with
the detonation of 500 kg TNT at the same 20 m distance.

Based on the above observations, it is important to note that structural response is not
only affected by the charge weight and distance of explosion, but also by the torsional
effects. Because each structure has its unique structural properties, behave differently, it is
important to conduct three-dimensional analyses to assess the vulnerability of buildings to

blast loads.
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5.2 Recommendation for Future Research

The investigation of the vulnerability of buildings to blast loading is a new field, and
extensive research is needed. While many available documents and advanced computer
programs are mainly restricted to military use only, substantial research is necessary to
satisfy the requirements for the design of civilian structures. Based on the literature review
and the experience gained from this study, the following topics are recommended for the
near future research.

* A substantial number of additional analyses on the torsional behaviour of buildings
under blast loading need to be conducted by considering buildings with different
structural systems and configurations to establish relationships between structure and the
three factors which directly determine the quantities of blast loads, including; i) explosion
location relative to building, ii) distance of explosion to building, and iii) TNT charge
weight.

* Software and the methods for analyzing the vulnerability of buildings to blast
loads should be developed. Under intensive blast loading, most elements of a structure
designed for earthquake areas would likely perform elasto-plastic or inelastic, but the
existing methods and corresponding commercial software only can deal with elastic
response in 3D or the inelastic response in 2D. Neither of these two capabilities truly

simulate structural behaviour beyond the elastic stage.
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