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Abstract

The use of vehicle bombs by terrorists to attack building structures has become of increasing
concern to structural engineers since the bombing of the marine barracks in Beriut (1982). This
is particularly true following attacks on the Murrah building (1995). Due to increasing threat of
vehicle bomb attack, structural engineers have developed methods of design and analysis to
protect against blast loads. However, the behavior of structures under blast loads is difficult to
understand. Current design for air blast loads generally uses simplified analysis procedures that
were developed in the late 1950°s [19]. More recent modeling and computation capabilities can
readily be used to provide a more exact estimate of the structural behavior under these extreme
loads. It has been suggested that buildings designed for strong ground motions will also have
improved resistance to air blast loads. As an initial attempt to quantify this behavior, the
responses of a three story and ten story steel building, designed for the 1994 building code, with
lateral resistance provided by perimeter moment frames, are considered. An analytical model of
the building is developed and the magnitude and distribution of blast loads on the structure are

estimated using available computer software that is based on empirical methods.

To obtain the relationship between pressure, time duration, and standoff distance, these
programs are used to obtain an accurate model of the air blast loading. A hemispherical surface
burst for various explosive weights and standoff distances is considered for generating the air
blast loading and determining the structural responses. Linear and nonlinear analyses are
conducted for these loadings. Air blast demands on the structure are compared to current
seismic guidelines. These studies present the displacement responses, story drifts,

demand/capacity ratio, diaphragm analysis and inelastic demands for these structures.
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Chapter 1: Introduction and Literature Review

1.1. Introduction

Vehicle bombing attacks against buildings have been a weapon of choice used by many terrorist
organizations. The use of vehicle bombs to attack a structure has been a common type of
terrorist attack. Terror attacks against buildings have been of great concern among the structure
analysts since September 11, 2001. Accordingly it is important to protect critical buildings

against blast loads and to consider how blast loads may affect the building.

Due to the threat from vehicle bomb attacks, structural engineers have developed methods of
structural design and analysis against blast loads. The analysis and design of structures
subjected to blast loads requires a detailed understanding of the air blast phenomena and the
dynamic response of structure. The analysis of structures against blast loads is very difficult
because the uniform highly transient loads produced by the nearby detonation of a conventional
weapon, combined with the localized structural response, results in an extremely complex
structural analysis problem. The assumptions necessary in developing a simplified analysis
procedure usually lead to overly conservative design because they fail to accurately account for
the localized nature of the structural response, the large variation of pressure over a relatively
small area, and the fact that the pressure does not arrive at every point on the structure at the

same time as shown in Figure 1.1.

Engineers in the military or their contractors developed empirical methods to predict peak
pressure and time duration of blast loads. Army TM5-855-1 and Army TM5-1300 are

representative criteria of structural design and analysis against blast loads.
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Figure 1.1 : Blast Loads on Structure

The purpose of this research is to examine linear and nonlinear structural responses of two
buildings due to the stand-off distance and charge size. In this study, blast loads were applied 3
story and 10 story buildings with welded steel moment frames that are representative of

earthquake resistant design in California.

To investigate structural behavior in different conditions, explosive weights of 100 Ib, 500 Ib,
1,000 Ib, and 2,000 Ib are applied to a steel frame at stand-off distance 20 ft. Using a explosive
weight of 1,000 Ib, the effect of stand-off distance is evaluated for distances of 15 ft, 30 ft, 50 ft,
and 100 ft. This study also considers the size of the blast crater along with the different
structural responses that include story displacements, demand/capacity ratio of columns and
floor diaphragm, drifts and plastic rotation demands. These parameters are then compared with

limit values suggested by seismic guidelines.



1.2. Literature Review
1.2.1. Blast Wave Scaling Law
Sachs blast wave scaling was proposed in 1944 as a more general one that was consisted of

parameters having a function of scaled distance (Baker, 1973).

Where, R is the range, P, is the ambient pressure and E is the energy of charge. Sachs Law

assumes that air behaves as perfect gas and gravity and viscosity are negligible.

Hopkins-Cranz blast wave scaling was described as cube-root scaling referenced by Baker
(1973). The blast wave scaling law defined by Hopkins (1915) states two different weights of
the same explosive have same blast characteristics at some scaled distances in similar

atmospheric conditions. The Hopkins scaling distance is

Where, R is the range from the blast center to the point of structure and W is the weight of

charge



1.2.2. Blast Wave Parameters

Incident Pressure

The release of energy from a detonation leads to a sudden pressure increase and then the
increase is from the ambient pressure to a peak incident or shock front pressure (ps). The
incident pressure is the pressure on a surface parallel to the direction of the blast wave. Brode
(1955) estimated not only incident pressure due to spherical blast based on the Hopkins scaling

distance but also expressed in terms of near field and far field.

pszg-i-lbar (p, > 10 bar)
Z

p, =20 195 98 6 019bar  (0.1bar(p, (10bar)

< < <

Newmark and Hansen (1961) introduced blast overpressure in terms of range and explosive

weight at the ground surface.
1

1% W)
p,= 67845+ 93( j

R

Another expression of blast overpressure in KPa was introduced by Mills (1987) in terms of

equivalent charge weight and scaled distance.
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Reflected Pressure

As the blast wave propagates through the air, the air behind shock front has lower velocity. The
velocity depends on incident pressure and is associated with dynamic pressure. If such a blast
wave encounters an obstacle perpendicular to the direction of wave direction, the reflection
changes the pressure to reflected pressure (p;). Rankin and Hugoniot (1870) suggested the

velocity of blast wave and dynamic pressure in terms of incident pressure.

6p, +7p, -a

U, =
K 7])0 0
5 2
q, = P
2(p, +7py)

Where, Us is the velocity of wavefront, p; is the overpressure, po is the ambient of air pressure,

a is the speed of sound in air and q; is the dynamic pressure.

Rankine and Hugoniot also derived the equation for reflected overpressure p;.

Tp, + 4
pr = 2ps |:—p0 psi|
7p0 + ps
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Figure 1.2 : Peak Incident Pressure vs. Peak Dynamic Pressure, Particle Velocity &
Density of Air (SOURCE : Army TMS5-1300, Navy NAVFAC)

Blast Wave pressure Profiles

The pressure-time history of a blast wave was modeled using exponential functions such as the

Friendlander equation. Thus, a conservative estimation used a linear decay and neglected

e

Where p; is the peak overpressure, T; is the positive phase duration and b is the decay constant.

negative phase.
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Figure 1.3 : Exponential Decay of Pressure-Time History

Typical blast pressure profile is in shown as Figure 1.3. At the arrival time following the
explosion, pressure at the position suddenly increases to a peak overpressure, Pg,, over ambient
pressure, P,, and pressure decays to ambient pressure at time ta+t,, then decays further to an
under pressure, ps, , before returning to ambient level. Most design case ignore negative phase

because of little effect on structure.

1.2.3. Blast Wave External Loading on Structure

To obtain the pressure on a structure, a charge placed on or very near the ground surface, such as
a vehicle bomb attack, is considered to be a surface burst. The initial wave of the explosion is
reflected and reinforced by the ground surface to produce a reflected wave. The Figure 1.4 is

shown that how the reflected wave propagates through the atmosphere (TM 5-855-1).
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Figure 1.4 : Surface Burst Blast Environmental

TM5-1300 provided reflected pressure, incident pressure, arrival time, time duration, wave
length, and the impulse of incident and reflected pressure in terms of scaled distance. Figure 1.5
is shown that various data was given by TM5-1300. In addition, Figure 1.6 is shown that the
variation of the pressure and impulse patterns on a reflecting surface is a function of the angle

. and magnitude of the incident pressure p.

For the calculation of reflected pressure, incident pressure is interpolated in Figure 1.6 and then
a coefficient ,C,, is determined for the angle of incident. This coefficient is used to obtain the

reflected pressure for applied to the structure.
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Chapter 2 : Finite Element Model of Steel Structures

The welded steel moment frame (WSMF) buildings are designed to resist earthquake ground
shaking, based on the assumption that they are capable of extensive yielding and inelastic
deformation. This building system was based on the 1994 Uniform Building Code (UBC).
However, the design of the frame didn’t provide any deliberate resistance against a vehicle
bomb attack. This chapter describes the building details as well as shows a model of building

using SAP2000 FEM Software [21].

2.1. Description of 3 Story Building

Figure 2.1 shows the 3 story building with a typical floor to floor height of 13’-0” is rectangular
in shape and main roof with same dimension of typical floor in Figure 2.2. The floor was
consisted of concrete over metal deck diaphragm. The building plane is 180°*120’and divided
into 30-feet bays in each direction, six in the longitudinal direction and four in the transverse
direction. The lateral force resisting systems in each direction consist of 3-bay WSMF frames
on each side of the building perimeter. The remainder of the steel framing is provided for
gravity loads. The base of the frame columns are assumed to be fixed. Concrete grade beams at
the foundation level are utilized to resist the moments at the base of the columns. Figure 2.3
shows details of WSMF frames. The gravity beams and columns conform to ASTM A36 and
ASTM A572 Gr.50, as specified. The Welded Frame girders conform to ASTM A36 and the

Welded Frame columns conform to ASTM A572 Gr.50.

10
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2.2. Description of 10 Story Building

Figure 2.4, Figure 2.5 and Figure 2.7 show the 10 story building with a typical floor to floor
height of 13°-0” with exception of 12 for the 1 floor and 18’ for the 2™ floor. The plane is
square in shape with the main roof and the same dimension of typical roof in Figure 2.6. The
floor was also consisted of concrete over metal deck diaphragm. The building plane is
150°*150’and divided into 30-feet bays in each direction, five in the longitudinal direction and
five in the transverse direction. The lateral force resisting systems in each direction consist of 5-
bay WSMF frames on each side of the building perimeter. The remainder of the steel framing is
provided for gravity loads. The base of the frame columns are designed fixed. Figure 2.7 and
Figure 2.8 show details of WSMF frames as well as Figure 2.9 also shows frame elevation of
steel column. The gravity beams and columns conform to ASTM A36 and ASTM A572 Gr.50,
as specified. The Welded Frame girders and the Welded Frame columns conform to ASTM A36

and ASTM A572 Gr.50.

14
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2.3. Description of Building Model

Figure 2.10 and Figure 2.11 show 3D views of the computer model of 3 story building and 10
story building. The floor is assumed to be rigid in its plane due to be consisted of a concrete
metal deck diaphragm. The infill beams are not specifically included in the computer model
using SAP2000 FEM Software. The base restraint was assumed to be the fixed condition and

the concrete over metal deck floor was assumed to be a rigid diaphragm in initial model.

Figure 2.10 : Description of 3 Story Building Model Using SAP2000 FEM Software
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Figure 2.11 : Description of 10 Story Building Model Using SAP 2000 FEM Software
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Chapter 3 : Blast Loads and Crater

To confirm the values of incident pressure in Figure 3.1, the CONWEP [26] and ATBLAST [3]
program will be used. For example, a vehicle bomb explosion of 2,000 Ib TNT weight at 970 ft
results in an incident overpressure is 0.5 psi as shown in Figure 3.1. The incident pressure of
ATBLAST is 0.5 psi shown in Figure 3.2 and the reflected pressure obtained by ATBLAST is
1.0 psi shown in Figure 3.2 and the reflected pressure obtained by CONWEP is 1.0 psi shown in
Figure 3.3. Thus, these programs are able to provide reliable results. In Table 3.1, the incident

and reflected pressure have good agreements of four cases at 2,000 b TNT.

Explosives Environment ‘

Stand-off Distance (ft)

\\\\\
\\\

L

0 100 1,000 10,000 160,000
Net Explesive Weight (lhs-TNT)

SCURCE: LIS, MR FORCE, INSTALLATION FORCE PROTECTION UIDE

Figure 3.1 : Incident Overpressure Measured in Pounds per Square in, As a Function of
Stand-off Distance and Net Explosive Weight (Pounds — TNT)
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Figure 3.2 : Incident Pressure and Reflected Pressure from ATBLAST Program
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Table 3.1 : Comparison of ATBLAST and CONWEP

ATBLAST ATBLAST CONWEP
Incident Reflected Reflected
Case| Range (ft) Pressure (psi) Pressure(psi) Pressure(psi)
1 970 0.5 1.02 1.03
2 575 1 2.05 2.04
3 335 2 4.24 4.19
4 123 10.02 25.35 25.05

But incident pressure is not parallel to the direction of the wave’s travel, it is reflected and

reinforced, producing what is known as reflected pressure. The reflected pressure is always

greater than the incident pressure at the same distance from the explosion. When the shock

wave impinges on a surface that is perpendicular to the direction it is traveling, the point of

impact will experience the maximum reflected pressure [10]. Therefore, reflected pressure is

used in the analysis. The incident pressure and reflected pressure through different stand-off

distance are shown in Appendix A.1.
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3.1. Blast Loads

To define the blast loads, the CONWEP program based on TM 5-855-1 [26] was used for loads
on the structure. This program defines peak reflected pressure (Pr) and time duration (td) at a
given distance. Prior to obtaining peak pressure and time duration, the type of blast, weapon,
direction of target and stand-off distance were selected as given conditions. The input
procedures of CONWEP program is shown in Appendix A.2. Table 3.2 shows input data and
Table 3.3 shows peak reflected pressure (P,), time duration (t4) and time of arrival (t») at node
points on the transverse face of the structure. These input data were assumed under vehicle
bomb attack with 1,000 Ib TNT weight at 15 ft. Also, time history functions were defined to
input data for SAP2000 FEM software [21] using these results. Figure 3.4 — Figure 3.7 show

generation of blast loads on 3 story building using SAP2000.

Table 3.2 : Input Data in CONWEP Program

Type of Blast Air Blast

Type of Air Blast Loads on Structure

Select of Weapon and Weight TNT, 1,000 Ib

Direction of Target Hemispherical Surface Burst
Stand-off Distance 15 ft
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Table 3.3 : Output of CONWEP Program

. Time of Arrival Time of Duration Force
No of Joint )
(msec) (msec) (kips)
2 19.75 16.8 1178.38
3 22.01 17.65 976.48
4 25.66 18.73 405.23
30 6.92 14.07 26295.09
31 9.44 16.24 8527.47
32 13.53 16.48 1844.86
58 2.35 12.41 49547.16
59 4.95 16.33 14635.30
60 9.17 16.08 2727.27
4 37 ER a8 |14
H Ly 7 1%
LA ) & 14
/
F
& f sy § J 14
[1] (1] [1] (1]

Figure 3.4 : Front Frame (Transverse Direction)
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Figure 3.5 : Applied Blast Loads on Joint 2, 3, 4
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Figure 3.6 : Applied Blast Loads on Joint 30, 31, 32
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Figure 3.7 : Applied Blast Loads on Joint 58, 59, 60

3.2. Crater

For bursts near the ground surface, the yield and quantity of explosive detonation inferred the
dimension of the crater formed as well as distance of window breakage. To verify crater
dimension in this study, the crater dimension of Murrah Building [14] was compared with
methods used for the analysis of conventional weapons effects on structure (CONWEP). In
Murrah Building, the detonation of TNT weight was estimated to be approximately 4,000 b at
4.5 ft above 18 in thick pavement on soil which resulted in a crater whose dimensions are 28 ft
diameter and 6.8 ft in depth.

Table 3.4 shows the dimension of crater measured and the dimension of crater analyzed by
CONWEDP. As shown in Table 3.4, the prediction of crater dimension using CONWEP provides

confidence due to its close approximation to the measured dimension. Therefore, this study was
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used methods of CONWERP to calculate the dimension of the expected crater for all cases. The
results of CONWEP are shown in Figure 3.8. It can be seen that in these cases the apparent

crater is almost exactly equal to the true crater.

Table 3.4 : Comparison with Estimates of Crater Dimensions

Condition Depth Diameter Distance of Window Breakage
(fo) (fo) (fo)
Measured at Murrah Bldg 6.8 28 N.A.
By F, Mlakar Sr(1998) 7.2 27 N.A.
This Report 7.4 28.64 1937

Apparent Crater

ﬁrfgfnal
Ground
Surface

True Crater

Figure 3.8 : Dimension of 4,000 Ib TNT Weight assumed Dry Sand Clay Soil
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Chapter 4 : Analyses of Models of Three Story Building

A three dimensional analytical model of the building is developed and the magnitude and
distribution of blast loads on the structure are estimated using available computer software
based on empirical methods. To obtain the relationship between pressure, time duration, and
standoff distance, these tools are used to obtain an accurate model of the air blast loading. A
hemispherical surface burst for various explosive weights and standoff distances are considered
for the air blast loading. The earthquake loading is represented by an acceleration record
obtained during the Northridge earthquake (1994). In this chapter, various air blast loads and
stand-off distances are applied to a three story building. Lateral resistance is provided by welded
steel moment frames on the perimeter. To investigate effect of the constraints, cases are divided
into 3 parts such as beams with pinned connection, beams with welded connection, and
alternative orientation of the column axes with welded connection. This chapter also considers
the size of the blast crater along with the different linear structural responses that include story
displacements, demand/capacity ratio, and diaphragm analysis as well as nonlinear plastic hinge

behavior. These parameters are then compared with limit values suggested by seismic guidelines.
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4.1. Structural Response to Variable Stand-off Distance

To investigate the effect of variable stand-off distance, this study assumes an explosive weight
of 1,000 Ib TNT. The reflected overpressure of variable stand-off distances is shown in Figure
4.1. These pressures are obtained by ATBLAST program. In this study, stand-off distance is
assumed over 15, 30, 50 and 100 ft. The responded pressure is 4057 psi, 731 psi, 157 psi, 23.98

psi respectively.

£500
2000
7500
7000
ER0D
EO00
5500
L5000
54500
& 4000
& AR00
2000
2500
2000
1500
1000
B0

10 20 30 40 &0 BO 70 80 90 100
R ange [ft]

Figure 4.1 : Reflected Pressure of Variable Stand-Off Distances (ATBLAST)
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4.1.1. Crater

To investigate the dimension of the bomb crater, the CONWEP computer program is used in
case of 1,000 1b TNT explosion. The dimension of crater may affect the collapse of main
member of building. In this study, stand-off distance was assumed over 15, 30, 50 and 100 ft.
The Dimension of crater is shown in Figure 4.2 applied 1,000 1b TNT and Table 4.1 shows

results of applied case.

T an-get

D2

X Apparent Crater
Depih of Burial = -3 fi
NN - — _ i —
Orginal Ground Surface
Depm rue Crater

| |
l Stand-Off Thstance I

Figure 4.2 : The Dimension of Crater

Table 4.1 : Results of CONWEP in 1,000 Ib TNT with Dry Sandy Clay

Charge Weight (1b) 1,000
Depth of Burial (ft) -3

Depth (ft) 5.186
Radius (ft) 9.43
Window Breakage Range (ft) 1220




4.1.2. Blast Loads

A frame is subjected to 1,000 Ib TNT explosive weight at 15 ft, 30 ft, 50 ft and 100 ft stand-off
distance. Cases are defined along various distances. The blast wave propagates by compressing
the air with supersonic velocity, and it is reflected by the building, amplifying the over pressure.
To find blast loads on the 3 story building at each joint, the CONWEP program was used.
Figure 4.3, 4.4, 4.5 and 4.6 show time duration and peak reflected pressure on front frame of the
structure. Results of using the CONWEP program are summarized for each case in Table 4.2 -
4.9. Using these results, reflected pressure and time duration are defined for each node on the

side of building facing the blast and used as input data for SAP2000 software [21].

When a blast with 1,000 Ib TNT explosive weight impinges on a structure, a higher pressure is
developed, termed the reflected pressure. The calculated (CONWEP) peak overpressures on the
front frame are shown in Figure 4.3 — Figure 4.6. These range from a maximum of 4172 psi (15
ft), 731 psi (30 ft), 157 psi (50 ft), 24 psi (100 ft) at the point closest to the detonation to a
minimum of 22.43 psi (15 ft), 25.18 psi (30 ft), 28.55 psi (50 ft), 15 psi (100 ft) at the upper

west/east corner.

While these pressures are extremely large, they act for a limited duration, as shown in Figure

4.3 — Figure 4.6. The duration ranges from a maximum of 21.12 msec (15 ft), 22.21 msec (30 ft),
24.20 msec (50 ft), 26.20 msec (100 ft) in the upper west/east corner to a minimum of 2.87

msec (15 ft), 16.62 msec (30 ft), 15.73 msec (50 ft), 28.20 msec (100 ft) at the point closest to

the blast.
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Peak Pressure Distribution

Charge HWeight, Ib ........ 1868 .
THT Equivalent, Ib ....... 1868 .
Range, feet ............ 15.88
Peak Pressure, psi ....... 4172 .

22.43 - 318.8
1564 - 1881
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2897 - 2394
2394 - 2698
2698 - 2986
2986 - 3283
3283 - 3579
3579 - 3876
Positive Phase Duratioms

Charge Height, Ib ........ 160688 .

INT Equivalent, Lb ....... 1668 .

Range, feet ............ 15.88

Durations are in msec

2.865 - 4.169

Figure 4.3 : Distribution of Peak Reflected Pressure and Time Duration at 15 ft Stand-Off
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Peak Pressure Distributiom
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Figure 4.4 : Distribution of Peak Reflected Pressure and Time Duration at 30 ft Stand-Off
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Peak Pressure Distribution
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Figure 4.5 : Distribution of Peak Reflected Pressure and Time Duration at 50 ft Stand-Off

37



Figure 4.6 : Distribution of Peak Reflected Pressure and Time Duration at 100 ft Stand-

Off
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Table 4.2 : Reflected Pressure with 1,000 Ib TNT Blast at 15 ft Stand-Off (psi)

Width
b, | -60 45 230 15 0 15 30 45 60
(L09)
0.0 31.39 | 60.31 | 199.90 |1630.00|4172.00|1630.00| 199.90 | 60.31 | 31.39
6.5 31.03 | 58.90 | 186.90 | 1364.00|3024.00|1364.00| 186.90 | 58.90 | 31.03
13.0 30.01 | 55.00 | 156.50 | 816.40 |1789.00| 816.40 | 156.50 | 55.00 | 30.01
19.5 28.46 | 49.47 | 120.80 | 400.50 | 859.20 | 400.50 | 120.80 | 49.47 28.46
26.0 26.55 | 42.86 | 86.30 | 199.60 | 324.40 | 199.60 | 86.30 | 42.86 | 26.55
32.5 24 .47 36.70 62.75 | 120.70 | 159.20 | 120.70 | 62.75 36.70 | 24.47
39.0 22.43 31.85 49.08 73.55 91.53 73.55 49.08 31.85 22.43
Table 4.3 : Reflected Pressure with 1,000 Ib TNT Blast at 30 ft Stand-Off (psi)
Width
bean. | 60 | -45 30 | -15 0 15 30 45 60
(ft)
0.0 3477 | 62.41 194.5 478 731.1 478 194.5 62.41 34.77
6.5 3434 | 60.69 181.5 | 448.1 660.7 448.1 181.5 60.69 34.34
13.0 33.12 | 56.23 149.6 | 3724 | 522.8 3724 149.6 56.23 33.12
19.5 31.55 | 50.57 112.6 | 3199 | 379.7 | 3199 | 112.6 | 50.57 | 31.55
26.0 29.67 | 45.72 85.19 | 1942 | 306.2 1942 | 85.19 45.72 29.67
32.5 27.5 | 40.73 | 6534 | 1125 | 152.1 112.5 | 65.34 | 40.73 27.5
39.0 | 25.18 | 35.32 502 | 7549 | 88.79 | 7549 | 50.2 3532 | 25.18
Table 4.4 : Reflected Pressure with 1,000 Ib TNT Blast at 50 ft Stand-Off (psi)
Width
beencs | 60 | 45 | 30 | -15 0 15 30 45 60
(ft)
0.0 41.13 | 71.57 | 91.40 | 129.80 | 156.80 | 129.80 | 91.40 | 71.57 | 41.13
6.5 40.64 | 71.51 | 89.87 | 126.10 | 148.60 | 126.10 | 89.87 | 71.51 | 40.64
13.0 39.20 | 68.09 | 85.67 | 116.60 | 135.10 | 116.60 | 85.67 | 68.09 | 39.20
19.5 36.97 61.00 80.15 | 103.90 | 117.50 | 103.90 | 80.15 61.00 36.97
26.0 34.17 | 5447 | 74.83 | 91.36 | 100.60 | 91.36 | 74.83 | 54.47 | 34.17
32.5 31.45 48.03 71.87 80.12 86.07 80.12 71.87 | 48.03 31.45
39.0 28.55 41.78 60.48 73.51 75.14 73.51 60.48 41.78 28.55
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Table 4.5 : Reflected Pressure with 1,000 Ib TNT Blast at 100 ft Stand-Off (psi)
Width
(ft)
[Ereignt -60 -45 -30 -15 0 15 30 45 60
(fH)
0.0 16.76 | 19.16 | 21.41 | 23.05 | 23.66 | 23.05 | 21.41 19.16 | 16.76
6.5 16.70 | 19.09 | 21.31 | 22.94 | 23.54 | 2294 | 21.31 19.09 16.70
13.0 16.54 | 18.87 | 21.03 | 22.61 | 23.20 | 22.61 21.03 18.87 16.54
19.5 16.28 | 18.52 | 20.59 | 22.09 | 22.65 | 22.09 | 20.59 18.52 16.28
26.0 1592 | 18.04 19.99 | 21.40 | 21.92 | 21.40 19.99 18.04 15.92
32.5 1549 | 17.47 19.29 | 20.58 | 21.06 | 20.58 19.29 17.47 15.49
39.0 1499 | 16.83 18.49 19.67 | 20.10 19.67 18.49 16.83 14.99
Table 4.6 : Time Duration with 1,000 1b TNT Blast at 15 ft Stand-Off (msec)
Width
leient | 60.00 | -45.00 | -30.00 | -15.00 | 0.00 | 15.00 | 30.00 | 45.00 | 60.00
(ft)
0.0 17.38 15.66 17.04 7.38 2.87 7.38 17.04 15.66 17.38
6.5 17.47 15.66 17.02 8.59 3.46 8.59 17.02 15.66 17.47
13.0 17.76 15.69 16.86 12.76 5.95 12.76 16.86 15.69 17.76
19.5 18.28 15.80 16.43 16.24 12.27 16.24 16.43 15.80 18.28
26.0 19.06 16.04 1591 17.04 16.63 17.04 1591 16.04 19.06
32.5 20.05 16.48 15.66 16.42 16.88 16.42 15.66 16.48 | 20.05
39.0 21.12 17.27 15.81 15.74 15.98 15.74 15.81 17.27 | 21.12
Table 4.7 : Time Duration with 1,000 Ib TNT Blast at 30 ft Stand-Off (msec)
Width
(fv)
[ireight -60 -45 -30 -15 0 15 30 45 60
(ft)
0.0 19.06 16.04 1591 17.04 16.62 17.04 15.91 16.04 19.06
6.5 19.18 16.08 15.86 17.02 16.78 17.02 15.86 16.08 19.18
13.0 19.52 16.22 15.74 16.86 17.03 16.86 15.74 16.22 19.52
19.5 20.05 16.48 15.66 16.43 16.88 16.43 15.66 16.48 | 20.05
26.0 20.81 16.95 15.71 1591 16.28 15.91 15.71 16.95 | 20.81
32.5 21.48 17.73 15.97 15.66 15.75 15.66 15.97 17.73 | 21.48
39.0 22.21 18.92 16.50 15.81 15.69 | 15.81 16.50 1892 | 22.21
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Table 4.8 : Time Duration with 1,000 Ib TNT Blast at 50 ft Stand-Off (msec)

Width

beencs | 60 | 45 | 30 | -15 0 15 30 45 60

(v

0.0 2233 | 19.13 | 16.62 | 1587 | 1573 | 15.87 | 16.62 | 19.13 | 22.33

6.5 22.39 | 19.24 | 16.68 | 1590 | 15.75 | 1590 | 16.68 | 19.24 | 22.39

13.0 22.57 | 19.58 | 16.89 | 16.01 | 1583 | 16.01 | 16.89 | 19.58 | 22.57

19.5 22.86 | 2029 | 17.29 | 16.23 | 16.00 | 1623 | 17.29 | 20.29 | 22.86

26.0 23.24 | 2086 | 17.95 | 16.62 | 1631 | 16.62 | 17.95 | 20.86 | 23.24

32.5 23.69 | 21.52 | 1894 | 17.29 | 16.87 | 17.29 | 1894 | 21.52 | 23.69

39.0 2420 | 2225 | 20.32 | 1838 | 17.82 | 1838 | 20.32 | 22.25 | 24.20

Table 4.9 : Time Duration with 1,000 1b TNT Blast at 100 ft Stand-Off (msec)

Width

(ft)
[Height -60 -45 -30 -15 0 15 30 45 60
(fv)

0.0 28.17 | 2741 | 26.78 | 2635 | 26.20 | 26.35 | 26.78 | 2741 | 28.17

6.5 28.19 | 2743 | 26.80 | 2638 | 26.23 | 26.38 | 26.80 | 2743 | 28.19

13.0 2825 | 27.50 | 26.88 | 2646 | 2631 | 2646 | 26.88 | 27.50 | 28.25

19.5 28.34 | 27.61 | 27.00 | 26.60 | 26.45 | 26.60 | 27.00 | 27.61 | 28.34

26.0 2846 | 27.75 | 27.17 | 26.78 | 26.64 | 26.78 | 27.17 | 27.75 | 28.46

32.5 28.62 | 2794 | 27.38 | 27.00 | 26.87 | 27.00 | 27.38 | 27.94 | 28.62

39.0 28.80 | 28.15 | 27.62 | 27.26 | 27.14 | 27.26 | 27.62 | 28.15 | 28.80

4.1.3. Effect of Framing Conditions

To obtain the response of 3 story building, SAP2000 FEM Software was used. The blast loads
are generated at each joint as peak reflected pressure from CONWEP. The dynamic time history
indicates that number of output time steps is 1,000 and output time step size is 0.005. The
damping ratio is assumed as 5 %. In addition, the constraint of joints are divided into three
parts : case 1 is beam with pinned connection, case 2 is beam with welded connection, and case
3 is alternative orientation of the column axes with welded connection in shown as Figure 4.7 —

Figure 4.12.
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CASE 1 : Beams with Pinned Connection

Longitudinal Direction
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Figure 4.7 : Orientation of the Column (CASE 1)

Figure 4.8 : Constraints of Joints by SAP2000 Modeling (CASE 1)
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CASE 2 : Beams with Welded Connection
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Figure 4.9 : Orientation of the Column (CASE 2)

Figure 4.10 : Constraints of Joints by SAP2000 Modeling (CASE 2)
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CASE 3 : Alternative Orientation of the Column Axes with Welded Connection

Lmlgim(lilml Direction

Location of Bomb

WO NIV FS.TIASTRLT,

Figure 4.11 : Orientation of the Column (CASE 3)

Figure 4.12 : Constraints of Joints by SAP2000 Modeling (CASE 3)
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In this chapter, dynamic time history curves are obtained by each case. The cases of different
condition are shown : case 1 indicates joints have beams pinned connection (moment released)
with normal column distribution, case 2 indicates joints have beams welded connection
(moment fixed) with normal column distribution and case 3 shows that joints have alternative
orientation of the column axes with welded connection (moment fixed and alternative column
distribution). All cases applied a loading condition of 1,000 Ib TNT explosive weight at 15 ft, 30
ft, 50 ft, and 100 ft. The results of case 1, case 2 and case 3 are shown in Figure 4.13 — Figure

4.15 respectively.

CASE 1 : Beams with Pinned connection (Moment Released)

12
_______ 1st FL, - 2nd FL. —— 3rd FL,
10

Displacement (in)

Time (sec)

(a) 1,000 Ib TNT Weight at 15 ft Stand-Off

Figure 4.13 : Linear Dynamic Time History to Variable Stand-Off Distances (Moment
Released)
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“Figure 4.13 : Continued”

10

_______ 1st FL. -~ 2nd F. — 31rd FL.

Displacement (in)

Time (sec)

(b) 1,000 Ib TNT Weight at 30 ft Stand-Off

________ I1st FL. - 2nd F. — 3rd FL.

Displacement (in)
=

Time (sec)

(c) 1,000 Ib TNT Weight at 50 ft Stand-Off

46



“Figure 4.13 : Continued”

________ 1st FL, - 2nd F.. — 3rd FL.

Displacement (in)
(=]

Time (sec)

(d) 1,000 Ib TNT Weight at 100 ft Stand-Off

CASE 2 : Beams with Welded Connection (Moment Fixed)

10
........... nd FL. — 3rd FL.

Displacement (in)

Time (sec)

(a) 1,000 Ib TNT Weight at 15 ft Stand-Off

Figure 4.14 : Linear Dynamic Time History to Variable Stand-Off Distances (Moment
Fixed)



“Figure 4.14 : Continued”
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(b) 1,000 Ib TNT Weight at 30 ft Stand-Off
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(c) 1,000 Ib TNT Weight at 50 ft Stand-Off
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“Figure 4.14 : Continued”
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CASE 3 : Alternative Orientation of the Column Axes with Welded Connection

(Alternative Rotation)

10

— 15t FL. e 2nd FL. —— 3rd FL.

Displacement (in)

Time (sec)

(a) 1,000 1b TNT Weight at 15 ft Stand-Off

—— 1st FL, - nd F. — 3rd FL

Displacement (in)

Time (sec)
(b) 1,000 Ib TNT Weight at 30 ft Stand-Off

Figure 4.15 : Linear Dynamic Time History to Variable Stand-Off Distances (Alternative
Rotation)
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“Figure 4.15 : Continued”
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To find critical column corresponding to each case, the result of analysis from SAP2000 based

on UBC 97 LRFD design code shows demand/capacity ratio of all frames shown in Appendix

B.1. These values are obtained by combination of dead load, live load and blast loads. As a

result, critical column (Frame 43) on transverse direction was found at closest distance of blast

source. The moments were compared by defined code value and value of analysis using

SAP2000. The comparison with moment of code and analysis was shown in Table 4.10.

Table 4.10 : Comparison with Code and Analysis value of moment (Frame 43)

CASE Time(sec) (ki}lﬁl—lin) (kipls\i[il}l) Demalgéggpacity Status
1,000 Ib_15 ft 0.075 44196.30 13680 3.23 over stress
1,000 1b_30 ft 0.08 26148.06 13680 1.91 over stress
1,000 1b_50 ft 0.1 11597.19 13680 0.85 OK
1,000 1b_100 ft 0.135 4208.96 13680 0.31 OK
where, ©® =09, M, =¢-F -Z

F, =Yield Stress = 50 ksi

Zy = Plastic Section Modulus

4.1.4. Summary

As results of dynamic time history analysis with different joint constraint and column rotation,
maximum deflections are shown in Figure 4.16 for each case. As might be expected, the
maximum deflection occurs for the 1,000 TNT weight @ 15 ft standoff distance. The maximum
displacement is 10 in, 8.92 in and 8.4 in at the roof for respective case and occurs at 0.2 sec.
However, for the 1,000 Ib TNT weight at 100 ft stand off distance, the maximum displacement

of 1.8 in, 1.49 in and 1.38 in is at the roof level for respective case and occurs at 0.3 seconds.
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(b) 1,000 1b Weight at 30 ft Stand-off

Figure 4.16 : Maximum Deflection on Each Floor to Variable Stand-Off Distance



“Figure 4.16 : Continued”
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Based on maximum displacements, interstory drifts are shown in Figure 4.17. The code
limitation of drift ratio based on UBC’97 is 0.02 and the responses of all conditions satisfy this
loading with the exception of the 1,000 Ib explosive @ 15 ft. However, in this case, the drift of
0.027, 0.023, 0.021 respectively which should be sustained with proper welded connections.

—+— Moment Release —8— Alternative —&— Moment Fixed - 3<- MaxD.I.

Story

0 0.005 0.01 0.015 0.02 0.025 0.03
Drift Index

(a) 1,000 1b Weight at 15 ft Stand-off

—+— Moment Release —8— Alternative —&— Moment Fixed - 3<- MaxD.I.

Story

1] 0.005 0.01 0.015 0.02 0.025
Drift Index

(b) 1,000 1b Weight at 30 ft Stand-off

Figure 4.17 : Interstory Drift to Variable Stand-Off Distance
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“Figure 4.17 : Continued”
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(d) 1,000 Ib Weight at 100 ft Stand-off
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The maximum D/C ratios for the columns in each story of the transverse frame and longitudinal
frame for an explosive weight of 1,000 Ib with different joint constraints are summarized in
Figure 4.18 and Figure 4.19. Here it can be seen that for two of the blast conditions (c,d) the
D/C demands are all less than unity indicating elastic behavior. The two blast conditions (a,b)
with the shortest standoff result in D/C demands greater than unity with a maximum of about

2.8. Each ratio was shown in Appendix B.1.

—4— Moment Release —- Alternative —d— Moment Fixed

Story

0 0.5 1 1.5 2 25 3
Demand/Capacity Ratio

(a) 1,000 1b Weight at 15 ft Stand-off

Figure 4.18 : Demand/Capacity Ratio to Variable Stand-Off Distance on Transverse MRF
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“Figure 4.18 : Continued”
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“Figure 4.18 : Continued”
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—4— Moment Release -8 Alternative —&— Moment Fixed
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(a) 1,000 1b Weight at 15 ft Stand-off
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(b) 1,000 Ib Weight at 30 ft Stand-off

Figure 4.19 : Demand/Capacity Ratio to Variable Stand-Off Distance on Longitudinal
MRF
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“Figure 4.19 : Continued”
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4.2. Linear Structural Response to Variable TNT Weight

To know effect of variable TNT weight, this study is assumed explosive weight is 100 Ib, 500 Ib,
1,000 Ib, and 2,000 Ib at stand-off 20 ft. A scenario is constructed that these explosive values
range from automobiles to van bomb attack on 3 story building as shown in Figure 3.1. Table
4.11 shows incident pressure, reflected pressure, time of arrival, time duration at each case. In

this chapter, the crater dimension also is estimated by different TNT weight.

Table 4.11 : Incident Pressure and Reflected Pressure at each TNT Weight

TNT | Range Ta T Ty Incident pressure Reflected
weight (ft) (msec) (msec) (msec) (psi) pressure
(psi)
100 Ib 20 4.51 2.74 1.85 59.1 246.72
500 Ib 20 2.85 2.12 1.32 196.94 1182.55
1,0001b | 20 2.38 1.42 1.27 314.72 2133.71
2,0001b | 20 2.02 1.01 1.32 481.91 3602.49

Where, T, : Time of arrival, T4; : Time duration of incident pressure, Tq, : Time of duration of

reflected pressure

4.2.1. Crater
To investigate dimension of crater, CONWEP computer program used in cases of 100 Ib, 500 Ib,
1,000 Ib, 2,000 Ib and stand-off distance was assumed 20 ft. The dimension of variable TNT

weight is shown in Figure 4.20 and Table 4.12.
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Charge weight, lb .. _.__..___.. 2888 .

THT equivalent, b ........... 2888 .
Depth of burial, feet _..___.. —-1.568
Apparent depth, feet ......... 8.283
Apparent diameter, feet ...... 27 .27
Apparent volumne, ft==3 . ...... 2419 .
Irue depth, feet ............. 8.283
True dianeter, feet .......... 27 .27
Hindow breakage range, feet .. 1537.

Apparent Crater

Original ~ ~ ~ — T T 7
Ground
Surface

True Crater

Figure 4.20 : Dimension of Crater with 2,000 1b TNT Weight

Table 4.12 : Results of CONWEP in Variable TNT with Dry Sandy Clay

Cl;?rii Depth of Burial Depth Diameter Brrzikaege
wee (ft) (ft) (ft) g
(Ib) (ft)
100 -3 N.A N.A N.A
500 -3 3.7 14.32 968.3
1,000 -3 5.19 18.95 1220
2,000 -3 7.12 24.94 1537

4.2.2. Blast Loads

A frame is subjected to 100 Ib, 500 Ib, 1,000 1b and 2,000 Ib TNT blast at 20 ft stand-off
distance. Cases are defined along various TNT weight. To find blast loads on 3 story building at
each joint, the CONWEP program was used. Figure 4.21 - Figure 4.24 show time duration and
peak reflected pressure on front frame of structure. Table 4.13 — Table 4.20 shows the summary

of results using CONWEP Program at each case.
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Peak Pressure Distribution

Charge HWeight, Ib ........ 1668 .8
TNT Equivalent, Ib ....... 168 .8
Range, feet ............ 20.88
Peak Pressure, psi ....... 248.5

Positive Phase Durations

Charge HWeight, Ib ........ 168 .8
TNT Equivalent, Ib ....... 168 .8
Range, feet ............ 20 .88

Durations are in msec

MWDo wmoo

Figure 4.21 : Distribution of Peak Reflected Pressure and Time Duration 100 Ib TNT
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Peak Pressure Distribution

Charge HWeight, Ib ........ 568 .8
TNT Equivalent, Ib ....... 568 .8
Range, feet ............ 20.88
Peak Pressure, psi ....... 1177.

Positive Phase Durations

Charge HWeight, Ib ........ 5688 .8
TNT Equivalent, Ib ....... 568 .8
Range, feet ............ 20 .88

Durations are in msec
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Figure 4.22 : Distribution of Peak Reflected Pressure and Time Duration 500 Ib TNT
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Peak Pressure Distribution

Charge HWeight, Ib ........ 1868 .
THT Equivalent, Ib ....... 1868 .
Range, feet ............ 20.88
Peak Pressure, psi ....... 2189.

22.74 - 171.8
767.9 - 916.9
916.9 - 1866
1866 - 1215
1215 - 1364
1364 - 1513
1513. - 1662
1662 . - 1811
1811 - 1968
Positive Phase Duratioms

Charge Height, Ib ........ 160688 .

INT Equivalent, Lb ....... 1668 .

Range, feet ............ 20.88

Durations are in msec

6.896 - 7.191

Figure 4.23 : Distribution of Peak Reflected Pressure and Time Duration 1,000 Ib TNT



Peak Pressure Distribution

Charge HWeight, Ib ........ 2088 ,
THT Equivalent, Ib ....... 20688 .
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Peak Pressure, psi ....... 3689.
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Positive Phase Duratioms
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INT Equivalent, b ....... 26868,

Range, feet ............ 20.88
Durations are in msec

Figure 4.24 : Distribution of Peak Reflected Pressure and Time Duration 2,000 Ib TNT



Table 4.13 : Reflected Pressure with 100 Ib TNT Blast At 20 ft Stand-Off (psi)

Width

beene | 60 | 45 | 30 | -15 0 15 30 45 60

(ft)

00 | 9693 | 1579 | 3293 | 1158 | 2485 | 1158 | 32.93 | 15.79 | 9.693
6.5 | 9.587 | 1554 | 3139 | 113.8 | 199.9 | 113.8 | 31.39 | 1554 | 9.587
13.0 | 9282 | 14.83 | 27.95 | 77.17 | 1297 | 77.17 | 27.95 | 14.83 | 9.282
195 | 8809 | 13.74 | 23.46 | 48.82 | 80.3 | 48.82 | 23.46 | 13.74 | 8.809
260 | 8298 | 12.46 | 19.01 | 32.89 | 4325 | 32.89 | 19.01 | 12.46 | 8.298
325 | 7.787 | 1116 | 162 | 23.44 | 2827 | 2344 | 162 | 11.16 | 7.787
390 | 7222 | 983 | 13.66 | 17.5 | 197 | 175 | 13.66 | 9.83 | 7.222

Table 4.14 : Reflected Pressure with 500 Ib TNT Blast At 20 ft Stand-Off (psi)
Width

beene | 60 | 45 | 30 | 15 0 15 30 45 60

(ft)

0.0 | 2158 | 37.67 | 99.77 | 534.8 | 1177 | 534.8 | 99.77 | 37.67 | 21.58
65 | 2136 | 37 | 93.67 | 5164 | 971.8 | 5164 | 93.67 | 37 | 2136
13.0 | 2071 | 35.13 | 7877 | 353.7 | 611.1 | 353.7 | 78.77 | 35.13 | 20.71
195 | 1972 | 3237 | 624 | 1843 | 3723 | 1843 | 624 | 3237 | 19.72
260 | 1851 | 28.68 | 48.16 | 99.62 | 153.5 | 99.62 | 48.16 | 28.68 | 18.51
325 | 1698 | 2494 | 388 | 62.34 | 80.05 | 62.34 | 388 | 24.94 | 1698
39.0 | 1539 | 21.88 | 32.18 | 42.7 | 5041 | 427 | 32.18 | 21.88 | 1539

Table 4.15 : Table 4.16 Reflected Pressure with 1,000 Ib TNT Blast At 20 ft Stand-Off (psi)

Width
Fciene | -60.00 | -45.00 | -30.00 | -15.00 | 0.00 | 15.00 | 30.00 | 45.00 | 60.00
(fv)
0.0 | 3241 | 60.77 | 2093 | 985.8 | 2109 | 985.8 | 209.3 | 60.77 | 32.41
6.5 | 32.03 | 59.35 | 192.8 | 9352 | 1762 | 9352 | 192.8 | 59.35 | 32.03
13.0 | 3091 | 5541 | 158.6 | 746.5 | 1128 | 746.5 | 158.6 | 55.41 | 30.91
19.5 | 29.16 | 49.81 | 120.5 | 410.7 | 773.6 | 410.7 | 120.5 | 49.81 | 29.16
26.0 | 26.97 | 43.36 | 8521 | 208.8 | 344.1 | 208.8 | 85.21 | 4336 | 26.97
325 | 2479 | 37.69 | 6323 | 1203 | 161.5 | 1203 | 6323 | 37.69 | 24.79
39.0 | 2274 | 3291 | 49.43 | 71.97 | 90.5 | 71.97 | 49.43 | 32.91 | 22.74
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Table 4.16 : Reflected Pressure with 2,000 Ib TNT Blast At 20 ft Stand-Off (psi)

Width
leiant | -60.00 | -45.00 | -30.00 | -15.00 | 0.00 | 15.00 | 30.00 | 45.00 | 60.00
(ft)
0.00 52.95 121.7 | 464.7 1704 3689 1704 | 464.7 | 121.7 | 52.95
6.50 52.25 118.1 | 426.1 1603 3003 1603 426.1 118.1 52.25
13.00 | 50.24 | 107.9 | 336.1 1420 1970 1420 336.1 107.9 | 50.24
19.50 47.2 92.71 2442 | 862.3 1464 862.3 2442 | 92.71 47.2
26.00 | 43.48 | 76.53 173.7 | 463.7 | 731.5 | 463.7 173.7 | 76.53 | 43.48
32.50 | 39.16 | 63.24 127.8 | 2439 | 343.7 | 243.9 127.8 | 63.24 | 39.16
39.00 | 35.12 | 53.88 | 91.73 1499 | 1835 1499 | 91.73 | 53.88 | 35.12
Table 4.17 : Time Duration with 100 Ib TNT Blast at 20 ft Stand-Off (msec)
Width
beene | 60 | 45 | 30 | 15 0 15 30 45 60
(ft)
0.0 13.91 12.53 10.32 | 7.433 7.353 7.433 10.32 12.53 13.91
6.5 13.94 | 12.58 1045 | 7.528 | 7.285 | 7.528 10.45 12.58 13.94
13.0 14.01 12.73 10.81 7.939 | 7.337 | 7.939 10.81 12.73 14.01
19.5 14.14 | 12.95 11.32 | 9.055 | 7.884 | 9.055 11.32 12.95 14.14
26.0 14.31 13.23 11.88 10.32 | 9.498 10.32 11.88 13.23 14.31
32.5 14.5 13.55 12.44 11.32 10.78 11.32 12.44 13.55 14.5
39.0 14.72 13.87 12.97 12.15 11.78 12.15 12.97 13.87 14.72
Table 4.18 : Time Duration with 500 Ib TNT Blast at 20 ft Stand-Off (msec)
Width
b | 60 | 45 | 30 | IS 0 15 30 45 60
(ft)
0.0 18 13.84 | 12.45 13.43 10.58 13.43 12.45 13.84 18
6.5 18.08 13.95 12.44 13.51 11.77 13.51 12.44 13.95 18.08
13.0 18.29 | 14.33 12.43 13.43 13.2 13.43 12.43 14.33 18.29
19.5 18.62 15.03 12.56 12.89 13.45 12.89 12.56 15.03 18.62
26.0 19.04 16.13 12.91 12.45 12.73 12.45 12.91 16.13 19.04
32.5 19.53 17.01 13.66 | 12.56 | 1243 12.56 | 13.66 | 17.01 19.53
39.0 20.05 17.91 15.08 13.2 12.83 13.2 15.08 17.91 | 20.05
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Table 4.19 : Time Duration with 1,000 Ib TNT Blast at 20 ft Stand-Off (msec)

Width
Feient | -60.00 | -45.00 | -30.00 | -15.00 | 0.00 | 15.00 | 30.00 | 45.00 | 60.00
(03]
00 | 1777 | 1569 | 16.85 | 12.97 | 6.096 | 12.97 | 16.85 | 15.69 | 17.77
65 | 17.87 | 1571 | 16.77 | 14.09 | 7.173 | 14.09 | 16.77 | 1571 | 17.87
130 | 18.18 | 1578 | 165 | 1597 | 11.03 | 1597 | 165 | 1578 | 18.18
195 | 1874 | 1593 | 16.09 | 1694 | 1585 | 16.94 | 16.09 | 1593 | 18.74
260 | 1954 | 1622 | 1574 | 16.85 | 17.03 | 16.85 | 1574 | 1622 | 19.54
325 | 2058 | 16.75 | 1567 | 16.09 | 16.53 | 16.09 | 15.67 | 16.75 | 20.58
39.0 | 21.42 | 17.65 | 1594 | 15.66 | 1578 | 15.66 | 1594 | 17.65 | 21.42
Table 4.20 : Time Duration with 2,000 Ib TNT Blast at 20 ft Stand-Off (msec)
Width
bt | -60.00 | -45.00 | -30.00 | -15.00 | 0.00 | 15.00 | 30.00 | 45.00 | 60.00
()
0.00 | 19.83 | 20.64 | 2037 | 7.491 | 4.073 | 7.491 | 2037 | 20.64 | 19.83
6.50 | 19.84 | 20.57 | 20.59 | 8316 | 4.589 | 8316 | 20.59 | 20.57 | 19.84
13.00 | 199 | 2037 | 21.07 | 11.12 | 6.485 | 11.12 | 21.07 | 2037 | 19.9
19.50 | 20.02 | 20.1 | 21.44 | 1672 | 10.79 | 16.72 | 21.44 | 20.1 | 20.02
26.00 | 2023 | 19.85 | 21.34 | 2037 | 18.07 | 2037 | 21.34 | 19.85 | 20.23
3250 | 2057 | 19.73 | 2075 | 21.44 | 21.03 | 21.44 | 20.75 | 19.73 | 20.57
39.00 [ 21.09 | 19.8 | 2008 | 21.1 | 214 | 21.1 | 20.08 | 19.8 | 21.09

When blast with 100 Ib, 500 1b, 1,000 Ib, 2,000 1b TNT weight at 20 ft stand-off distance

impinges on a structure, a higher pressure is developed, termed the reflected pressure. The

calculated (CONWEP) peak overpressures on the front frame are shown in Figure 4.21 — Figure

4.24 These range from a maximum of 248.5 psi (100 Ib), 1177 psi (500 1b), 2109 psi (1,000 Ib),

3689 psi (2,000 Ib) at the point closest to the detonation to a minimum of 7.22 psi (100 1b),

15.39 psi (500 1b), 22.74 psi (1,000 1b), 35.12 psi (2,000 1b) at the upper west/east corner.
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While these pressures are extremely large, they act for a limited duration, as shown in Figure 4.
21 — Figure 4.24. The duration ranges from a maximum of 14.72 msec (100 1b), 20.05 msec
(500 Ib), 21.42 msec (1,000 Ib), 21.09 msec (2,000 1b) in the upper west/east corner to a
minimum of 7.35 msec (100 1b), 10.58 msec (500 1b), 6.09 msec (1,000 1b), 4.07 msec(2,000 Ib)

at the point closest to the blast. Table 4.21 shows summary of results from CONWEP program.

Table 4.21 : Table 4.22 Summary of Results from CONWEP Program

Weight Pressure (psi) Duration of Load (msec)
(Ib) Max. Min. Max. Min.
100 248.5 7.22 14.72 7.53
500 1177 15.39 20.05 10.58

1,000 2109 22.74 21.42 6.09
2,000 3689 35.12 21.09 4.07

4.2.3. Effects of Framing Conditions

To obtain the response of 3 story building, SAP2000 FEM Software was used. The blast loads
are generated at each joint as peak reflected pressure from CONWEP. The dynamic time history
indicates that number of output time steps is 1,000 and output time step size is 0.005. The
damping ratio is assumed as 5 %. This structure was analyzed 4 different cases to obtain
dynamic time history curve at each floor. Dynamic time history curves of each floor at 20 ft
stand-off distance with 100 Ib, 500 Ib, 1,000 Ib, 2,000 Ib TNT weight are shown in Figure 4.25 —
Figure 4.27. In addition, the constraint of joints are also divided into 3 cases such as moment

released, moment fixed and moment fixed with different rotation of columns as previous chapter.
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CASE 1 : Moment Released

1.2

------- st FL - 2nd FL — 3rd FL

0.8

Displacement (in)

Time (sec)

(a) 100 Ib TNT Weight at 20 ft Stand-Off

-------- st FL - 2nd F. — 3rd FL

Displacement (in)

Time (sec)

(b) TNT Weight at 20 ft Stand-Off

Figure 4.25 : Linear Dynamic Time History to Variable TNT Weight (Moment Released)
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“Figure 4.25 : Continued”
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CASE 2 : Moment Fixed

2nd FL. — 3rd FL.
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0.4 I

0.2 Hft

Displacement (in)

02

04

0.6 F

-08 -
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(a) 100 Ib TNT Weight at 20 ft Stand-Off

-------- 1st FL -~ 2nd FL. — 3rd FL

Displacement (in)

Time (sec)

(b) 500 Ib TNT Weight at 20 ft Stand-Off

Figure 4.26 : Linear Dynamic Time History to Variable TNT Weight (Moment Fixed)
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“Figure 4.26 : Continued”
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CASE 3 : Moment Fixed (Alternative Rotation)

e Il FLi —— 31d FL
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(a) 100 Ib TNT Weight at 20 ft Stand-Off
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w31 FL —— 31d FL
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Figure 4.27 : Linear Dynamic Time History to Variable TNT Weight (Moment Fixed

(Alternative Rotation))
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“Figure 4.27 : Continued”
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To find demand/capacity ratio of members corresponding to each case, the result of analysis
from SAP2000 based on UBC 97 LRFD design code shows demand/capacity ratio of all frame.
These values are obtained by combination of dead load, live load and blast loads. All
Demand/Capacity ratio of each frame against applied loads shows in appendix B. As a result,
critical column was found at closest distance of blast source. The moments were compared by
defined code value with value of analysis using SAP 2000. The comparison with moment of

code defined by UBC 97 and analysis was shown in Table 4.22.

Table 4.22 : Comparison with Code and Analysis value of moment

CASE(Fram43) F(l;lengi (kill\)/gin) (kil\;slfin) Demand/capacity ratio| Status
100 Ib_20 ft 0.08 3253.1 13680 0.24 Ok
5001b 20 ft 0.07 18435.7 13680 1.35 over stress

1,000 1b_20 ft 0.075 40686 13680 2.97 OVer stress
2,000 1b 20 ft 0.075 70498 13680 5.15 over stress

where, ©® =09, M, = ¢p-F,-Z,
Fy = Yield Stress = 50ksi
Zy = Plastic Section Modulus

4.2.4. Summary

As results of dynamic time history analysis with different joint constraint and column rotation,
maximum deflections are shown in Figure 4.28 for each case. As might be expected, the
maximum deflection occurs for the 2,000 TNT weight @ 20 ft standoff distance. The maximum
displacement is 20.2 in 17.5 in and 16.33 in at the roof for respective case and occurs at 0.24 sec,
0.2 sec. 0.19 sec. However, for the 100 Ib TNT weight at 20 ft stand-off distance, the maximum
displacement of 0.99 in, 0.85 in and 0.8 in is at the roof level for respective case and occurs at

0.2 seconds.

78



—4— Moment Release 8- Alternative —& Moment Fixed

Story

0 L L
1] 02 0.4 06 08 1 12
Deflection(in)
(a) 100 Ib TNT Weight at 20 ft Stand-off
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Figure 4.28 : Maximum Deflection on Each Floor to Variable TNT Weight
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“Figure 4.28 : Continued”
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(d) 2,000 Ib TNT Weight at 20 ft Stand-off
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Based on maximum displacements, interstory drifts are shown in Figure 4.29. The code
limitation of drift ratio for seismic load based on UBC 97 is 0.02 and the responses of all
conditions satisfy this loading with the exception of the 1,000 Ib, 2,000 Ib explosive @ 20 ft.
However, in this case, the drift of 0.025, 0.023, 0.022 with 1,000 Ib @ 20 ft standoff distance
which should be sustained with proper welded connections. The 2,000 Ib explosive @ 20 ft has

a drift of 0.055 at the roof and 0.045 at the first story. These are high and may not be sustainable.

—— Moment Release —8— Alternative —i&— Moment Fived - %~ Max D.I.

3 *
2 %
E‘ 1
g '
& '
1 >
l] I 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025
Drift Index

(a) 100 Ib TNT Weight at 20 ft Stand-off

Figure 4.29 : Interstory Drift to Variable TNT Weight
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“Figure 4.29 : Continued”
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“Figure 4.29 : Continued”
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(d) 2,000 Ib TNT Weight at 20 ft Stand-off

The maximum D/C ratios for the columns under explosive weights of 100 1b, 500 1b, 1,000 Ib,
2,000 Ib at a standoff distance 20 ft are shown in Figure 4.30 and Figure 4.31. Elastic behavior
occurs for the two smaller explosive weights (a, b). For the two larger weights (c, d), three
maximum D/C values are 2.5 and 4.5 indicating inelastic behavior and the use of a nonlinear
analysis. In the longitudinal frame, the 500 1b explosive weight may cause weakly nonlinear
behavior, however, the two larger weights result in D/C ratios of 3.2 and 6.7. Each ratio was

shown in Appendix B.2.
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Figure 4.30 : Demand/Capacity Ratio to Variable TNT Weight on Transverse MRF
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“Figure 4.30 : Continued”
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(b) 500 1b TNT Weight at 20 ft Stand-off

Figure 4.31 : Demand/Capacity Ratio to Variable TNT Weight on Longitudinal MRF

86



“Figure 4.31 : Continued”
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4.3. Diaphragm Analysis of Using Shell Elements of 3 Story Building

4.3.1. Flexible Diaphragm Analysis

The floor diaphragms in the structure are often assumed to be rigid in their plane. However, they
can also be represented by flexible diaphragm resulting in shear force and bending moment
contours shown in Figure 4.41 — Figure 4.42 for a linear analysis against 1,000 Ib @ 20 ft stand-
off distance. These contours indicate how the blast loading that occurs on the face perpendicular
to the blast is distributed to the moment frames on the sides parallel to the blast force.
Maximum shear forces and maximum moment in slab are investigated against 500 Ib, 1,000 Ib,
2,000 Ib, 3,000 Ib TNT @ 20 ft stand-off distance. For reference, the member locations,
identification numbers and member sizes are shown Figure 4.32 for typical longitudinal frame.
Table 4.23 — 4.30 and Figure 4.33 — 4.40 show comparison of developed shear force and
bending moment with capacity of each moment resistance frames. The results of flexible

diaphragm analysis are also shown in Figure 4.43- 4.44 and Table 4.31.

In addition, maximum shear forces and bending moments of Moment Resistant Frame are

investigated as compared with capacity defined by AISC-LRFD [2] respectively.

Moment Capacity : M, =F -Z,
Shear Capacity : ¢V, = 0.9(0.6Fy )Aw

Where, F, : yielding stress of section
Z, : section modulus

A, : area of the web
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Hence, the moment capacity of W14*257 is calculated as 24,350 k-in and the one of W14*311

is 30,105 k-in. The other side, the shear capacity is estimated to be 522.5 k/in and 651.8 k/in at

each member.
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(b) Generated Frame Sections and Moment Resistant Frames

Figure 4.32 : Generated Member Numbers and Frame Section along the Longitudinal
direction
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Table 4.23 : Max. Shear Force at Moment Resistant Frames (500 Ib TNT Weight @ 20 ft)

1300

1600

1400

1200

1000

800

600

400

200

Frame No. Frame Section Shear Force Shear Strength

(Vw) (9Vw)
7 W14*257 203.041 522.5
8 W14*257 71.804 522.5
9 W14*257 160.915 522.5
10 W14*311 282.494 651.8
11 W14*311 128.896 651.8
12 W14*311 263.333 651.8
13 W14*311 281.920 651.8
14 W14*311 128.846 651.8
15 W14*311 262.719 651.8
16 W14*257 201.901 522.5
17 W14*257 72.721 522.5
18 W14*257 160.143 522.5

(unit : k/in)
500Ib_20ft

O Developed Shear Force (kips/in)
O Shear Strength (kips/in)

PN\

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
7 8 9 10 11 12 13 14 15 16 17 18

Figure 4.33 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (500 1b @

20 ft)
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Table 4.24 : Max. Shear Force at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(V) (9Vn)
7 W14#*257 454.739 522.5
8 W14*257 161.143 522.5
9 W14*257 360.384 522.5
10 W14*311 632.945 651.8
11 W14*311 284.777 651.8
12 W14*311 589.780 651.8
13 W14*311 631.663 651.8
14 W14*311 284.663 651.8
15 W14*311 588.403 651.8
16 W14#*257 452.196 522.5
17 W14*257 160.956 522.5
18 W14*257 358.856 522.5
(unit : k/in)
10001>_20ft E Developed Shear Force (kips/in)
O Shear Strength (kips/in)
1800 r
1600 +
1400 t
1200 r
1000 +
800 +
600 | [ ] B ] [ ] i [
400
200 + |7 |7 2
[I 1 L 1 L 1 L L 1 1 1 L i

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
7 8 9 10 11 12 13 14 15 16 17 18

Figure 4.34 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (1,000 Ib
@ 20 ft)

91



Table 4.25 : Max. Shear Force at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

1800
1600
1400
1200
1000
800 -
600 -
400

200

Figure 4.35 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (2,000 1b

Frame No. Frame Section Shear Force Shear Strength

(Vu) (¢Vn)
7 W14*257 882.270 522.5
8 W14*257 344,787 522.5
9 W14*257 703.573 522.5
10 W14*311 1230.401 651.8
11 W14*311 607.375 651.8
12 W14*311 1156.027 651.8
13 W14*311 1227.981 651.8
14 W14*311 607.112 651.8
15 W14*311 1153.410 651.8
16 W14*257 877.488 522.5
17 W14*257 344.368 522.5
18 W14*257 700.320 522.5

(unit : k/in)
20001 _20ft

@ Developed Shear Force (kips/in)
O Shear Strength (kips/in)

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

7 3

@ 20 ft)

9

10 11

12

13

14 15

16

17 13
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Table 4.26 : Max. Shear Force at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (9Vn)
7 W14*257 1169.521 522.5
8 W14*257 493.059 522.5
9 W14*257 937.343 522.5
10 W14*311 1633.678 651.8
11 W14*311 866.517 651.8
12 W14*311 1545.583 651.8
13 W14*311 1630.550 651.8
14 W14*311 866.119 651.8
15 W14*311 1542.178 651.8
16 W14*257 1163.356 522.5
17 W14*257 492.436 522.5
18 W14*257 933.344 522.5
(unit : k/in)
3000D>_20ft E Developed Shear Force (kips/in)
O Shear Strength (kips/in)

1300

1600 ] — [

1400

1200 | —

1000 -

800 | ] B

600 | i B B ki i i

400

200

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
T 8 9 10 11 12 13 14 15 16 17 18

Figure 4.36 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (3,000 1b
@ 20 ft)
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Table 4.27 : Max. Bending Moment at MRF Frames (500 1b TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
7 W14*257 19159.5 24350
8 W14*257 9348.2 24350
9 W14*257 15308.8 24350
10 W14*311 25405.9 30150
11 W14*311 13737.2 30150
12 W14*311 24098.9 30150
13 W14*311 25357.3 30150
14 W14*311 13724.4 30150
15 W14*311 24044.9 30150
16 W14*257 19051.5 24350
17 W14*257 9306.6 24350
18 W14*257 15220.2 24350
(unit : k-in)
500201t O Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000 -
120000
100000 +
S0000
60000
40000
2""""mﬂﬂmﬂmmﬂmmﬂﬂ
I] L 1 1 1 1 L L L 1 1 1 1

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
7 8 9 10 11 12 13 14 15 16 17 18

Figure 4.37 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(500 1b @ 20 ft)
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Table 4.28 : Max. Bending Moment at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity

(Mu) (OMn)

7 W14*257 42593.3 24350

8 W14%*257 20946.8 24350

9 W14*257 34283.7 24350

10 W14*311 56967.8 30150

11 W14*311 30798.5 30150

12 W14*311 53971.7 30150

13 W14#311 56859.1 30150

14 W14*311 30769.7 30150

15 W14*311 53850.3 30150

16 W14*257 42712.3 24350

17 W14%*257 20853.4 24350

18 W14*257 34085.5 24350

(unit : k-in)
10001b_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (Jkips-in)
160000 |
140000 r
120000 r
100000 r
80000 -
60000 - — —
40000 ~
0 M | , , . , , | M , |

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
T 8 9 10 11 12 13 14 15 16 17 18

Figure 4.38 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(1,000 Ib @ 20 ft)
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Table 4.29 : Max. Bending Moment at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
Mu) (¢Mn)
7 W14%257 83726.8 24350
8 W14*257 42681.1 24350
9 W14*257 66523 .4 24350
10 W14*311 111143.9 30150
11 W14*311 63560.9 30150
12 WI14*311 105334.9 30150
13 W14*311 110938.7 30150
14 W14*311 63502.5 30150
15 W14*311 105104.9 30150
16 W14%257 83272.4 24350
17 W14*257 42497.9 24350
18 W14*257 66150.2 24350
(unit : k-in)
2000 _20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000
120000 |
100000 | ]
soooo | [
60000 | 0 B B ]
40000 ¢

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

7 3 9 10 11

13 14 15

16 17 13

Figure 4.39 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm

(2,000 Ib @ 20 ft)
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Table 4.30 : Max. Bending Moment at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
7 W14*257 111426.0 24350
8 W14*257 58862.2 24350
9 W14*257 88191.3 24350
10 W14*311 148039.0 30150
11 W14*311 88514.9 30150
12 W14*311 140326.5 30150
13 W14*311 147778.5 30150
14 W14*311 88434.7 30150
15 W14*311 140028.0 30150
16 W14*257 110838.9 24350
17 W14*257 58617.5 24350
18 W14*257 87709.8 24350
(unit : k-in)
3000D_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000 - | I —
120000
100000
80000 |
60000 | == _
40000 |
i R Nl

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

7

3

9

10 11 12

13 14 15

16

17

13

Figure 4.40 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(3,000 Ib @ 20 ft)
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Bending moment and shear capacity of concrete slab is provided by followed equations from
ACI 318 [1]. In these equations, the effective thickness of concrete is assumed 3.5 in as shown

in Appendix C and steel ratio is less than 0.01. Also f’. is 4,000 psi and f; is 60,000 psi.

oM. bd

n

Moment Capacity : #k, 12,000
ok, = ¢ f.0(1-0.590) |, @ = pf,! f,

Shear Capacity : ¢V, = 2\/70' b.d
Where, b : width of concrete slab
d : depth of concrete slab

o : mechanical reinforcement ratio

p : steel ratio

Hence, the moment capacity is calculated as 212.5 k-in and the shear capacity is 0.76 k/in.
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(a) Shear Force Distribution on Whole Structure (1,000 Ib TNT Weight@?20 ft Stand-Off
Distance)

Figure 4.41 : Shear Force Distribution on Three Story Building (1,000 Ib TNT Weight @
20 ft Stand-Off Distance)
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“Figure 4.41 : Continued”

000 Ib TNT Weight@?20 ft Stand-Off Distance)
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Floor (1

(b) Shear Force Distribution at 2™
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“Figure 4.41 : Continued”

000 Ib TNT Weight@?20 ft Stand-Off Distance)

b
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(¢) Shear Force Distribution at 3™
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“Figure 4.41 : Continued”

000 Ib TNT Weight@?20 ft Stand-Off Distance)

(d) Shear Force Distribution at Roof (1,
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(a) Moment Distribution on Whole Structure (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)

Figure 4.42 : Moment Distribution on Three Story Building (1,000 Ib TNT Weight @ 20 ft
Stand-Off Distance)
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“Figure 4.42 : Continued”

30 225 27 315 5 435 H40l 5HS

(b) Moment Distribution at 2" Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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“Figure 4.42 : Continued”

Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)

(c) Moment Distribution at 3
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“Figure 4.42 : Continued”

7 148 |n 280 3h0 420 490 560 el 770 98 388

(d) Moment Distribution at Roof (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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Table 4.31 : The Results of Flexible Diaphragm Analysis

Flexible Diaphragm

CASE Story Moment | Moment Shear Shear
(k-in) Capacity | Force Capacity

(k-in) (k/in) (k/in)

Roof 45.772 212.5 1.037 0.76

500 1b 20 ft 3™ 34.815 212.5 0.801 0.76

ond 26.720 212.5 0.680 0.76

Roof 102.661 212.5 2.323 0.76

1,000 1b 20 ft 31 78.162 212.5 1.793 0.76

2" 60.102 212.5 1.520 0.76

Roof 202.027 212.5 4.555 0.76

2,000 1b_20 ft 3™ 157.417 212.5 3.434 0.76

ond 119.508 212.5 2.868 0.76

Roof 270.985 212.5 6.092 0.76

3,000 1b 20 ft 31 215.120 212.5 4.501 0.76

2 161.779 212.5 3.709 0.76

3
2
----- Moment Capacity (k-in)
- —— 3000b_20ft (k-in)
g —&— 2000b_20ft (k-in)
“ —=—1000Ib_20ft (k-in)
—#— 500Ib_20ft (k-in)
1
I] L L ! L L |
0 S0 100 150 200 250 300

Out-of-Plane Bending Mommet (k-in)

Figure 4.43 : Developed Bending Moment vs. Moment Capacity of Concrete Slab Based on
Flexible Diaphragm Analysis
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Story

----- Shear Capacity (l/in)

—=— 30000_20ft (k/in)
—&— 20001b_20ft (k/in)
—s<— 1000Db_20ft (k/in)
—e— S00Ib_20ft (k/in)

0 1 2 3 4
In-Plane Shear (k/in)

Figure 4.44 : Developed Shear Force vs. Shear Capacity of Concrete Slab Based on

Flexible Diaphragm Analysis

As a result, the flexural strength of this system is well provided but shear failure is expected to

this concrete slab.
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4.3.2. Rigid Diaphragm Analysis

Most floor diaphragm in the structure is often assumed to be rigid in their plane. It means that

model floors in building structure, which typically have very high in-plane stiffness. Maximum

shear forces and bending moment of Moment Resistant Frame are investigated as compared

with capacity of member shown in Figure 4.46- 4.53 and Table 4.32 —4.39. For reference, the

member locations, identification numbers and member sizes are shown in Figure 4.45 for

typical longitudinal frame. The distribution of moment on rigid diaphragm is shown in Figure

4.54 and the results of rigid diaphragm analysis are shown in Table 4.40 and Figure 4.55.
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(b) Generated Frame Sections and Moment Resistant Frames

Figure 4.45 : Generated Member Numbers and Frame Section along the Longitudinal

Direction
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Table 4.32 : Max. Shear Force at MRF Frames (500 Ib TNT Weight @ 20 ft)

1800
1600
1400
1200
1000

800

\BIPITI

600

400

200

Frame No. Frame Section Shear Force Shear Strength

(Vu) (¢Vn)
7 W14*257 203.5 522.5
8 W14*257 72.1 522.5
9 W14*257 161.5 522.5
10 W14*311 284.3 651.8
11 W14*311 127.3 651.8
12 W14*311 266.1 651.8
13 W14*311 284.3 651.8
14 W14*311 127.3 651.8
15 W14*311 266.1 651.8
16 W14*257 203.5 522.5
17 W14*257 72.1 522.5
18 W14*257 161.5 522.5

(unit : k/in)
5001 _20ft

L

@ Developed Shear Force (kips/in)
O Shear Strength (kips/in)

L

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

T 8

9

10 11 12

13

14 15
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17 18

Figure 4.46 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (500 1b @ 20

ft)
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Table 4.33 : Max. Shear Force at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

1800

1600

1400

1200

1000

800 -

600

o T

1R

Frame No. Frame Section Shear Force Shear Strength

(Vu) (OVn)
7 W14%257 455.75 522.5
8 W14*257 161.9 522.5
9 W14*257 361.6 522.5
10 W14*311 636.8 651.8
11 W14*311 285.9 651.8
12 W14*311 595.8 651.8
13 W14*311 636.8 651.8
14 W14*311 285.9 651.8
15 W14*311 285.9 651.8
16 W14%*257 455.75 522.5
17 W14%257 161.9 522.5
18 W14%257 361.6 522.5

(unit : k/in)
1000Ib_20ft

@ Developed Shear Force (kips/in)
O Shear Strength (kips/in)

L1

Framne Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

7 8

10 11

14 15

16 17 18

Figure 4.47 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (1,000 Ib @

20 ft)
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Table 4.34 : Max. Shear Force at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

1800

1600

1400

1200

1000

800 -

600 -

400

200

@ Developed Shear Force (kips/in)
O Shear Strength (kips/in)

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

1 8

10 11

14 15

17 18

Frame No. Frame Section Shear Force Shear Strength

(Vu) (¢Vn)
7 W14*257 888.8 522.5
8 W14*257 346.2 522.5
9 W14*257 705.6 522.5
10 W14*311 1237.4 651.8
11 W14*311 609.6 651.8
12 W14*311 1167.0 651.8
13 W14*311 1237.4 651.8
14 W14*311 609.6 651.8
15 W14*311 1167.0 651.8
16 W14*257 888.8 522.5
17 W14*257 346.2 522.5
18 W14*257 705.6 522.5

(unit : k/in)
20001 _20ft

Figure 4.48 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (2,000 Ib @

20 ft)
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Table 4.35 : Shear Force at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

1800

1600

1400

1200

1000

800 -

600 -

400

200

Frame No. Frame Section Shear Force Shear Strength

(Vu) (¢Vn)
7 W14*257 1171.5 522.5
8 W14*257 494.9 522.5
9 W14*257 940.0 522.5
10 W14*311 1642.6 651.8
11 W14*311 869.7 651.8
12 W14*311 1559.7 651.8
13 W14*311 1642.6 651.8
14 W14*311 869.7 651.8
15 W14*311 1559.7 651.8
16 W14*257 1171.5 522.5
17 W14*257 494.9 522.5
18 W14*257 940.0 522.5
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E Developed Shear Force (kips/in)
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Figure 4.49 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (3,000 Ib @

20 ft)
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Table 4.36 : Max. Bending Moment at MRF Frames (500 1b TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
Mu) (¢Mn)
7 W14*257 19203.7 24350
8 W14*257 9372.2 24350
9 W14%*257 15367.4 24350
10 W14*311 25582.1 30150
11 W14*311 13823.0 30150
12 W14*311 24375.2 30150
13 W14#311 25581.1 30150
14 W14*311 13824.1 30150
15 W14*311 24371.6 30150
16 W14*257 19205.4 24350
17 W14*257 9371.0 24350
18 W14*257 15375.8 24350
(unit : k-in)
500Th_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000 r
120000 r
10gooo -
S0000
0000
40000 r
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Figure 4.50 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm (500
b @ 20 ft)
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Table 4.37 : Max. Bending Moment at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
7 W14*257 43030.3 24350
8 W14*257 21010.0 24350
9 W14*257 34385.1 24350
10 W14*311 57331.1 30150
11 W14*311 30931.5 30150
12 W14*311 54551.5 30150
13 W14*311 57328.9 30150
14 W14*311 30994.0 30150
15 W14*311 54543 .3 30150
16 W14*257 43034.1 24350
17 W14*257 21007.2 24350
18 W14*257 34403.7 24350
(unit : k-in)
1000Ib_20ft @A Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000 |
140000 -
120000
100000 -
S0000 |
60000 | — =
40000 |
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Figure 4.51 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(1,000 Ib @ 20 ft)

115



Table 4.38 : Max. Bending Moment at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
7 W14*257 83855.6 24350
8 W14*257 42792.1 24350
9 W14*257 66690.2 24350
10 W14*311 111799.2 30150
11 W14*311 63939.7 30150
12 W14*311 106395.1 30150
13 W14*311 111794.8 30150
14 W14*311 63944.1 30150
15 W14*311 106379.3 30150
16 W14*257 83862.9 24350
17 W14*257 42787.7 24350
18 W14*257 66726.0 24350
(unit : k-in)
2000Thb_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000 |
120000
100000 } ]
so000 |7
60000 | il ] ]
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Figure 4.52 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(2,000 1b @ 20 ft)
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Table 4.39 : Max. Bending Moment at MRF Frames (3,000 Ib TNT Weight @ 20 ft )

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
7 W14*257 111593.3 24350
8 W14*257 59002.4 24350
9 W14*257 88393.9 24350
10 W14*311 148863.7 30150
11 W14*311 89031.8 30150
12 W14*311 141682.5 30150
13 W14*311 148858.0 30150
14 W14*311 89037.0 30150
15 W14*311 141661.6 30150
16 W14*257 11602.9 24350
17 W14*257 58997.6 24350
18 W14*257 88441.4 24350
(unit : k-in)
30001 _20ft O Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000 + = =
120000 +
100000 +
S000D |
60000 — ==
40000
i Nl ol HUH

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame

7

8

0

10 11 12

13 14 15

16

17 18

Figure 4.53 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(3,000 Ib @ 20 ft)
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(a) Moment Distribution on Whole Structure (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)

Figure 4.54 : Moment Distribution on Three Story Building (1,000 Ib TNT Weight @20 ft
Stand-Off Distance)
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“Figure 4.54 : Continued”
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(b) Moment Distribution at 2" Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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“Figure 4.54 : Continued”
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(c) Moment Distribution at 3
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“Figure 4.54 : Continued”
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(d) Moment Distribution at Roof (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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Table 4.40 : The Results of Rigid Diaphragm Analysis

Rigid Diaphragm
CASE Story Developed Moment
Moment Capacity
(k-in) (k-in)
Roof 45319 212.5
500 Ib 20 ft 31 34.562 212.5
2 26.472 212.5
Roof 101.587 212.5
1,000 1b_20 ft 31 77.611 212.5
2" 59.525 212.5
Roof 199.913 212.5
2,000 Ib_20 ft 31 156.265 212.5
o 118.391 212.5
Roof 268.192 212.5
3,000 Ib_20 ft 31 213.529 212.5
2 160.245 212.5

3
2
----- Moment Capacity (k-in)
- —&— 3000Ib_20ft (k-in)
g —&— 2000Ih_20ft (k-in)
“ —=— 10001 _20ft (k-in)
—#— 500Ib_20ft (k-in)
1
I] L L ! 1
0 50 100 150 200 250 300

Out-of-Plane Bending Moment (k-in)

Figure 4.55 : Developed Bending Moment vs. Moment Capacity of Concrete Slab Based on
Rigid Diaphragm Analysis
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4.4. Nonlinear Structural Response of Three Story Building

4.4.1. Nonlinear Reponses of Three Story Building

The time history of the floor displacements obtained from nonlinear analyses are shown Figure
4.56. Here it can be seen that displacement for 1,000 Ib @15 ft and 1,000 Ib @20 ft has same
value. However, the displacement for the 2,000 Ib @20 ft has increased to 26 inches shown in
Figure 4.57. In addition, it has been damped out be inelastic deformations that have occurred

throughout the frame.

An important parameter in earthquake resistant design is the interstory drift index that is
obtained by dividing the maximum relative story displacement by the story height. The UBC
requires that for structures having a period greater than 0.7 seconds the interstory drift be
limited to 0.02. The graph shown in Figure 4.58 indicates that the drift is slightly satisfied with
limit for the 1,000 Ib @15 ft and 1,000 Ib @20 ft. However, for the 2,000 Ib @20 ft, the

interstory drift ratio is well above the limiting value.

Nonlinear dynamic analyses can also be used to calculate the demand/capacity (D/C) ratios for
the structural members. Calculated demand/capacity ratios for the three loading conditions are
shown Figure 4.59 - Figure 4.62. In these figures the largest demands occur in the perimeter
moment frames as might be expected. However, there is also a significant demand in the
columns of the transverse frames which are normal to the blast loading. The value of D/C ratio

is lower than one of D/C ratio obtained linear analyses.
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Figure 4.56 : Nonlinear Dynamic Time History
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“Figure 4.56 : Continued”
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Figure 4.57 : Maximum Deflection on Each Floor By Nonlinear Analysis

i '
2 L
B |
g
@ |
1} Py
—— 1000Ib_15ft
—&— 10001b_20ft
—&— 2000Ib_20ft
—# — Max.D.I
l] L
1} 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Drift Index

Figure 4.58 : Maximum Drift Ratio Analyzed By Nonlinear Analysis
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“Figure 4.59 : Continued”
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“Figure 4.60 : Continued”
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Figure 4.61 : Demand/Capacity Ratio Analyzed by Nonlinear Analysis (Transverse

Direction)
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Figure 4.62 : Demand/Capacity Ratio Analyzed by Nonlinear Analysis (Longitudinal
Direction)
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4.4.2. Nonlinear Plastic Hinge Behavior

The default plastic hinge properties in SAP2000 are used for the analyses. These properties are
based on the recommendations made in FEMA-273 for steel moment hinges. The moment-
rotation curve that gives the yield value and the plastic deformation following yield is shown
Figure 4.63. It should be noted that point B represents yielding and this rotation is subtracted
from the deformations at point C, D and E. Therefore, only the plastic deformation is indicted

by the hinge.

Q/Qy b

a

Ae —
6/0y

Figure 4.63 : Generalized Force-Deformation Relation for Steel Elements or Components
(FEMA 356, Fig 5-1)
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The hinge parameters are summarized in Figure 4.64 along with the FEMA condition

assessment. To calculate the yield rotation, 0y, is used from FEMA 356 equations.

Tabie 5-6

Components

Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Structural Steel

Modeling Parameters

Acceptance Criteria

Plastic Rotation Residual Plastic Rotation Angle, Radians
Angle, Strength
Radians Ratio Primary Secondary
Component/Action a b c o] LS CP LS CP
Beams—Tflexure
a Ef - e
7 WFye =T 118, 08 14, il A, a8, 118,
aritl ] ; ¥ ¥ y ¥
o 418
0
w '\"‘-;-s
b ,{J—f = ?S ;
Hy JE.
T ye 44, By a2 0.258, 26, ey 38y 44,
or : ;
Ko O
M ‘\'le‘,'€
Linear intarpolation between the values on lines a and b for both flange slenderness {first term) and
c. Other web slenderness (second term) shall he performed, and the lowest resulting value shall be used

Columns—Tflexure =7

ForFiPe, =020
a.
3“5‘ 119._, 0.6 LY Eu,’. BEI_.. aa,. i1 B,
b.
4ty By 0.2 0.258y 2hy 3y 36y 4iy
C. Linear interpolation between the values on lines & and b for both flange slenderness (first term) and

web slenderness (second term) shall be performed, and the lowest resulting value shall be used

Figure 4.64 : Modeling Parameters and Acceptance Criteria for Nonlinear Procedures
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For reference, the member locations and identification numbers are shown in Figure 4.65 and

Figure 4.66 for typical transverse and longitudinal frames. Figure 4.67 shows the criteria of

plastic hinge behavior. The plastic rotation demands in critical members of the transverse and

longitudinal frame are summarized in Figure 4.68 — Figure 4.70.
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Figure 4.66 : Generated Member Numbers along the Longitudinal Direction
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Demands for the 1,000 Ib TNT weight @ 15 ft and 1,000 Ib TNT weight @ 20 ft are
summarized in Figure 4.68 and Figure 4.69. Figure 4.68 is shown that the beams and columns
that exceed the elastic limit are only weakly nonlinear with small plastic rotation demands along
both directions. In Figure 4.69, the behaviors of the transverse columns at the 3™ and roof level
are elastic and similar behaviors can be seen on 1,000 Ib TNT weight @ 15 ft case. According to
the FEMA recommendations, this building would be classified as suitable for immediate
occupancy (I0). The maximum member demands for the condition of 2,000 Ib @ 20 ft are
summarized in Figure 4.70. Here it can be seen that there is yielding in the column over the
direction of the frame with plastic rotation demands ranging from 0.049 radians at the first floor
of longitudinal direction to -0.009 radians at the roof level of transverse direction. There is also
yielding in the beams over the height of the frame with plastic rotation demands ranging from

0.0459 radians at the 2™ floor to 0.031 at first floor.
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Figure 4.67 : Criteria of Plastic Hinge Behavior
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Figure 4.68 : Moment-Rotation Relation In Case Of 1,000 Ib TNT Weight at 15 ft Stand-
Off Distance
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“Figure 4.68 : Continued”
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Figure 4.69 : Moment-Rotation Relation In Case Of 1,000 Ib TNT Weight at 20 ft Stand-
Off Distance
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Figure 4.70 : Moment-Rotation Relation In Case Of 2,000 Ib TNT Weight at 20 ft Stand-
Off Distance
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“Figure 4.70 : Continued”
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Chapter 5 : Analyses of Model of Ten Story Building

To investigate effects of middle rise building against various cases of bomb attack, similar cases
from previous chapter are applied to a ten story building. Various air blast loads and stand-off
distances are applied to ten story building with welded steel moment frames on the parameter.
In addition, extreme load cases, 3,000 1b and 4,000 Ib TNT weight @ 20 ft stand-off distance,
add to this chapter. It also considers the size of the blast crater along with the different structural
responses that include story displacements, demand/capacity ratio, and diaphragm analysis as
well as nonlinear plastic hinge behavior. These parameters are then compared with limit values

suggested by seismic guidelines.

5.1. Structural Response to Variable Stand-off Distance

5.1.1. Blast Loads

A frame is subjected to 1,000 Ib TNT explosive weight at 15 ft, 30 ft, 50 ft and 100 ft stand-off
distance. Cases are defined along various distances. The blast wave propagates by compressing
the air with supersonic velocity, and it is reflected by the building, amplifying over pressure. To
find blast loads on the ten story building at each joint, the CONWEP program was used. Figure

5.1,5.2, 5.3 and 5.4 show time duration and peak reflected pressure on front frame of structure.

149



When a blast with 1,000 Ib TNT explosive weight impinges on a structure, a higher pressure is
developed, termed the reflected pressure. The calculated (CONWEP) peak overpressures on the
front frame are shown in Figure 5.1 — Figure 5.4. These range from a maximum of 4172 psi (15
ft), 731 psi (30 ft), 157 psi (50 ft), 24 psi (100 ft) at the point closest to the detonation to a
minimum of 5.43 psi (15 ft), 6.30 psi (30 ft), 7.84 psi (50 ft), 8.89 psi (100 ft) at the upper

west/east corner.

While these pressures are extremely large, they act for a limited duration, as shown in Figure

5.1 — Figure 5.4. The duration ranges from a maximum of 31.32 msec (15 ft), 31.47 msec (30 ft),
31.81 msec (50 ft), 33.17 msec (100 ft) in the upper west/east corner to a minimum of 2.87

msec (15 ft), 16.62 msec (30 ft), 15.73 msec (50 ft), 28.20 msec (100 ft) at the point closest to

the blast.
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Peak Pressure Distribution

Charge Height, lbh ........ 18848 .
THT Equivalent, Ib ....... 1888 .
Range, feet ............ 15.88
Height (ft) Peak Pressure, psi ....... 4172.
Reflected
Pressure (psi)
128
5.434 - 3B83.48
383.4 - 6BA.6
148
1196. - 1493.
= 1493 - 1791
1791 - 2889
6 2889 - 2386
2386. - 2684
2684 . - 2981
40 2981 - 3279
3279 - 3577
3577 - 3874
3874 - 4172

28

@
Width (ft)

Positive Phase Duratioms

Charge Height, lb ........ 1888 .
THT Equivalent, 1b ....... 1888 .
Range, feet ............ 15.88

Durations are in nsec

Time Duration

(msec)
120
2.865 - 4.897
4.897 - 6.938
160
18.99 - 13.83
8 13.83 - 15.88
15.86 - 17.89
- 17.89 - 19.12
19.12 - 21.16
21.16 - 23.19
a8 23.19 - 25.22
25.22 - 27.25
27.95 - 20.29
29 .29 - 31.32

28

Figure 5.1 : Distribution of Peak Reflected Pressure and Time Duration at 15 ft Stand-Off
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Peak Pressure Distribution

Charge Weight, Ib ........ 16888 .
THT Equivalent, lh ....... 1668 .
Range, feet ............ 30.808
Peak Pressure, psi ....... 731.1

128
6.382 - 58.87
58.87 - 189.8
188
213.4 - 265.2
be 265.2 - 316.9
316.9 - 368.7
6a 368.7 - 42@8.5
4728.5 - 472.2
472.2 - 524.8
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575.8 - B27.5
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a
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Durations are in msec
128
15.73 - 16.86
16.86 - 17.98
188
28.23 - 21.35
il 21.35 - 22.48
22.48 - 23.68
68 23.68 - 24.73
24.73 - 25.85
25.85 - 26.97
a8 26.97 - 2B.18
28.18 - 29.22
29.22 - 38.35
38.35 - 31.47

28

Figure 5.2 : Distribution of Peak Reflected Pressure and Time Duration at 30 ft Stand-Off
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Peak Pressure Distribution

Charge MWeight, Ib ........ 16888 .
THT Equivalent, lh ....... 1668 .
Range, feet ............ 50.808
Peak Pressure, psi ....... 156.8

128
- 18.48
- 29.12
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a
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26.87 - 27.21
a8 27.21 - 2B.36
28.36 - 29.51
29.51 - 38.66
38.66 - 31.81

28

Figure 5.3 : Distribution of Peak Reflected Pressure and Time Duration at 50 ft Stand-Off
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Peak Pressure Distribution

Charge MWeight, Ib ........ 16888 .
THT Equivalent, lh ....... 1668 .
Range, feet ............ 1868.8
Peak Pressure, psi ....... 23 .66

128 4
8.893 - 9.948
108
14.17 - 15.22
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16.28 - 17.33
17.33 - 18.39
18.39 - 19.44
19.44 - 28.58
28.58 - 21.55
21.55 - 22.61
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Charge Weight, lb ......_. 1H0HH .
THT Equivalent, b ....... 16888 .
Range, feet . .........._. 1688.8
Durations are in msec
128
26.28 - 26.78
188
il 28.69 - 29.19
29.19 - 29.68
68 29.68 - 38.18
38.18 - 38.68
30.68 - 31.18
a8 31.18 - 31.68
31.68 - 32.18
32.18 - 32.67

28

Figure 5.4 : Distribution of Peak Reflected Pressure and Time Duration at 100 ft Stand-
Off
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5.1.2. Responses of Ten Story Building

To obtain the response of ten story building, SAP2000 FEM Software was used. The blast loads
are generated at each joint as Figure 5.1- Figure 5.4. The dynamic time history indicates that
number of output time steps is 1,000 and output time step size is 0.005. The damping ratio is

assumed as 5 %.

In this chapter, dynamic time history curves are obtained by each case. All cases applied a

loading condition of 1,000 Ib TNT explosive weight at 15 ft, 30 ft, 50 ft, and 100 ft. The results

are shown in Figure 5.5.

12

—+— 2nd Floor
10 —=— Gth Floor
—+— Roof

Displacement (in)

Time (sec)

(a) 1,000 Ib TNT Weight at 15 ft Stand-Off

Figure 5.5 : Linear Dynamic Time History to Variable Stand-Off Distances
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“Figure 5.5 : Continued”
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(c) 1,000 Ib TNT Weight at 50 ft Stand-Off
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“Figure 5.5 : Continued”

—+— 2nd Floor
—=—§th Floor

Displacement (in)
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(d) 1,000 Ib TNT Weight at 100 ft Stand-Off

To find critical column corresponding to each case, the result of analysis from SAP2000 based
on UBC 97 LRFD design code shows demand/capacity ratio of all frame. These values are
obtained by combination of dead load, live load and blast loads. Figure 5.6 — Figure 5.7 show
demand/capacity ratio of each frame against applied loads along both directions. As a result,

critical column on transverse direction was found at closest distance of blast source.
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“Figure 5.6 : Continued”

(b) 1,000 Ib Weight at 30 ft Stand-off

[IREES 0137 4.132 LR g LR ]
= = = £
o oy L [
= = = =
A LIRS AL AL AuE?
il - . - "
O - o ol e
z e e = A
= = = = =
- [T s i [T e
3 1 7 r: g
1 L} L} L} [}
= = = = =
PRE] LIRELE LIRELEY LS LIRELE]
T z g g =
Z i S Z s
= = = = =
LU ERE Y LN ELE] LR ELT ) PR ELE] U.IM-:I'n
3 ] = =
i ~ i ~ -
= = = = =
LIELET LINELY] LIRELT] LIRFLE] andy
=z = £ o 5
2 i i o i
=1 =1 =1 L1 =
FUHELE Y LA ELTA} LR ELH ) LIRELE} U.IM-:I'n
2 s e = 2
= o= = o= =
[INF i LANE L [ANFEY [{NFEEY dE
S = g g g
z 3 S S
= = = = =
LA ERLL ] ALisE Liss LIRSS L
z = z z £
i L L L | o1
= =1 =1 =1 =
N g LIRE & u.rz LR Bed LR &
= = - =
& 3 $ % %
= (=] (=] [~} L=}
£ E * g

159

0.5 0.3z 0385

0,265

-

11.]

0,234

LR

0,275

0282

E ALl



“Figure 5.6 : Continued”
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5.1.3. Summary

As results of dynamic time history analysis with variable stand-off distance, maximum
deflections are shown in Figure 5.8. As might be expected, the maximum deflection occurs for
the 1,000 TNT weight @ 15 ft standoff distance. The maximum displacement occurs at Roof
and minimum displacement occurs at 2" floor. The maximum displacements are 9.64 in, 9.02 in,
8.39 in and 5.84 in and minimum displacements are 1.24 in, 0.77 in, 0.61 in and 0.27 in

respectively.

10

Story
n

—4-1000_30
—4-1000_15
—8- 1000_50
—&— 1000_100

0 2 4 ] ] 10 12
Displacement (in)

Figure 5.8 : Maximum Deflection on Each Floor to Variable Stand-Off Distance
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Based on maximum displacements, instestory drifts are shown in Figure 5.9. The code
limitation of drift ratio based on UBC’97 for earthquake is 0.02 and the responses of all

conditions satisfy with code limitation.

Story

—4-1000_30
—-1000 15
—%-1000_50
—&—1000_100

0 0.005 0. 0.0s 0.02 0.025 0.03
Drift Index

Figure 5.9 : Interstory Drift to Variable Stand-Off Distance

The maximum demand/capacity ratios for the columns in each story of the transverse frame and
longitudinal frame for an explosive weight of 1,000 Ib are summarized in Figure 5.10 and
Figure 5.11. Here it can be seen that the D/C ratio are all less than unity indicating elastic
behavior. However, one case of longitudinal direction with 1,000 TNT weight at 15 ft stand-off

distance, is greater than unity with a maximum of about 1.5.
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Figure 5.10 : Demand/Capacity Ratio to Variable Stand-Off Distance on Transverse MRF
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Figure 5.11 : Demand/Capacity Ratio to Variable Stand-Off Distance on Longitudinal
MRF
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5.2. Structural Response to Variable TNT Weight

5.2.1. Blast Loads

A frame is subjected to 100 Ib, 500 Ib, 1,000 1b and 2,000 Ib TNT blast at 20 ft stand-off
distance in this chapter. To find blast loads on ten story building at each joint, the CONWEP
program was used. Figure 5.12 - Figure 5.15 show time duration and peak reflected pressure on

front frame of structure.

When blast with 100 Ib, 500 1b, 1,000 Ib, 2,000 1b TNT weight at 20 ft stand-off distance
impinges on a structure, a higher pressure is developed, termed the reflected pressure. The
calculated (CONWEP) peak overpressures on the front frame are shown in Figure 5.12 — Figure
15. These range from a maximum of 248.5 psi (100 1b), 1177 psi (500 Ib), 2109 psi (1,000 1b),
3689 psi (2,000 Ib) at the point closest to the detonation to a minimum of 2.13 psi (100 1b), 4.11

psi (500 1b), 5.67 psi (1,000 Ib), 8.09 psi (2,000 1b) at the upper west/east corner.

While these pressures are extremely large, they act for a limited duration, as shown in Figure
5.12 — Figure 5.15. The duration ranges from a maximum of 18.68 msec (100 1b), 26.87 msec
(500 1b), 31.36 msec (1,000 1b), 36.28 msec (2,000 Ib) in the upper west/east corner to a
minimum of 7.35 msec (100 1b), 10.58 msec (500 1b), 6.09 msec (1,000 1b), 4.07 msec(2,000 Ib)

at the upper west/east corner.
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Peak Pressure Distributiom
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Figure 5.12 : Distribution of Peak Reflected Pressure and Time Duration on 100 Ib TNT

weight
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Peak Pressure Distributiom

Charge Weight, Ib ........ 568 .8
THT Equivalent, lh ....... 508 .8
Range, feet ............ 26 .88
Peak Pressure, psi ....... 1177.

128
- B87.87
- 171.6
1688
- 422.9
il - 586.7
- 598.5
- 674.2
22 - 758.8
- B841.7
- 925.5
= - 1889
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28 - 1177
a
Positive Phase Durations
Charge Weight, Ib ........ 568 .8
THT Equivalent, lh ....... 508 .8
Range, feet ............ 26 .88
Durations are in msec
128
18.58 - 11.74
11.74 - 12.91
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15.23 - 16.48
88 16.48 - 17.56
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68 18.73 - 19.89
19.89 - 21.85
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23.38 - 24.54
24.54 - 25.71
25.71 - 26.87Y

28

Figure 5.13 : Distribution of Peak Reflected Pressure and Time Duration on 500 Ib TNT
weight
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Peak Pressure Distributiom

Charge Weight, Ib ........ 1668 .
THT Equivalent, lh ....... 1688 .
Range, feet ............ 26 .88
Peak Pressure, psi ....... 2189.

128
- 155.9
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a
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Figure 5.14 : Distribution of Peak Reflected Pressure and Time Duration on 1,000 Ib TNT
weight
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Peak Pressure Distributiom

Charge Weight, Ib ........ 28688 .
THT Equivalent, lh ....... 2088 .
Range, feet ............ 26 .88
Peak Pressure, psi ....... 3689.

128
- 271.8
- 534.8
1688
- 1323.
il - 1586.
- 1849.
- 2112
22 - 2374.
- 2637
- 2988.
= - 3163.
- 3426.
28 - 3689.
a
Positive Phase Durations
Charge Weight, Ib ........ 28688 .
THT Equivalent, lh ....... 2088 .
Range, feet ............ 26 .88
Durations are in msec
128
- 6.374
- B.674
1688
- 15.58
88 - 17.88
- 28.18
- 22.48
22 - 24.78
- 27.88
- 29.38
= - 31.68
- 33.98
- 36.28

28

Figure 5.15 : Distribution of Peak Reflected Pressure and Time Duration on 2,000 Ib TNT
weight
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5.2.2. Responses of Ten Story Building

To obtain the response of ten story building, SAP2000 FEM Software was used. The blast loads
are generated at each joint as peak reflected pressure from CONWEP. The dynamic time history
indicates that number of output time steps is 1,000 and output time step size is 0.005. The
damping ratio is assumed as 5%. Dynamic time history curves of each floor at 20 ft with 100 Ib,

500 Ib, 1,000 1b, 2,000 Ib TNT weight are shown in Figure 5.16.

—+ Ind Floor —=— 6th Floor — Roof

Displacement (in)

Time (sec)

(a) 100 Ib TNT Weight at 20 ft Stand-Off

Figure 5.16 : Linear Dynamic Time History to Variable Stand-Off Distances
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“Figure 5.16 : Continued”

—=— 2nd Floor —+ 6ith Floor —« Roof

Displacement (in)

Time (sec)

(b) 500 1b TNT Weight at 20 ft Stand-Off

12
—=2nd Floor —=— Gth Floor —=— Roof

Displacement (in)

Time (sec)

(c) 1,000 Ib TNT Weight at 20 ft Stand-Off
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“Figure 5.16 : Continued”

20 -

—=— 2nd Floor — 6th Floor —— Roof

15

10 -

i

Displacement (in)
=

-10 |

15 b

Time (sec)

(d) 2,000 Ib TNT Weight at 20 ft Stand-Off

To find critical column corresponding to each case, the result of analysis from SAP2000 based
on UBC 97 LRFD design code shows demand/capacity ratio of all frame. These values are
obtained by combination of dead load, live load and blast loads. Figure 5.17 and Figure 5.18
show demand/capacity ratio of each frame against applied loads along both directions. As a

result, critical column on transverse direction was found at closest distance of blast source.
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“Figure 5.17 : Continued”
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“Figure 5.17 : Continued”
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“Figure 5.17 : Continued”

(d) 2,000 Ib Weight at 20 ft Stand-off
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(a) 100 1b Weight at 20 ft Stand-off

Figure 5.18 : Demand/Capacity Ratio on Longitudinal MRF to Variable TNT Weight
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“Figure 5.18 : Continued”

(b) 500 1b Weight at 20 ft Stand-off
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“Figure 5.18 : Continued”
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5.2.3. Summary

As results of dynamic time history analysis with variable TNT weight, maximum deflections are
shown in Figure 5.19. As might be expected, the maximum deflection occurs for the 2,000 TNT
weight @ 20 ft standoff distance. The maximum displacement occurs at roof and minimum
displacement occurs at 1st floor. The maximum displacements are 17.73 in, 9.3 in, 5.0 in and

1.53 in and minimum displacements are 2.29 in, 1.10 in, 0.51 in and 0.13 in respectively.

10
9 L
s L
"If L
ﬁ L
g 100 20
(]
3 ~-500_20
4l 1000_20
—i— 2000_20
3 L
2 L
1
0 2 4 6 8 10 12 14 16 18 20

Displacement (in)

Figure 5.19 : Maximum Deflection on Each Floor to Variable TNT Weight
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Based on maximum displacements, instestory drifts are shown in Figure 5.20. The code
limitation of drift ratio based on UBC’97 for earthquake is 0.02 and the responses of all

conditions satisfy with code limitation but 2,000 Ib@?20 ft case.

Story

—&-100 20
- 500 20
—<-1000_20

& 2000_20

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Drift Index

Figure 5.20 : Interstory Drift to Variable TNT Weight

The maximum demand/capacity ratios for the columns in each story of the transverse frame and
longitudinal frame for a stand-off distance 20 ft are summarized in Figure 5.21 and Figure 5.22.
Here it can be seen that the D/C demands are all less than unity indicating elastic behavior
However, two cases of longitudinal direction with 2,000 TNT weight and 1,000 1b TNT weight
at 20 ft stand-off distance, is greater than unity with a maximum of about 1.3 and 2.6
respectively.
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Story

—%— Code Limit

~-1001b_20ft

—i— S00Ib_20ft
10001h_20ft

—#-2000Th_20ft

0.2

0.6 0.8 1 1.2 14
Demand/Capacity Ratio

Figure 5.21 : Demand/Capacity Ratio to Variable TNT Weight on Transverse MRF

Stroy

10

e

/

—4-100Ib_20ft
—- 500Ib_20ft
—— 10001 _20ft
—— 2000Ib_20ft
—#— Code Limit

1.5 2 25 3
Demand/Capacity Ratio

Figure 5.22 : Demand/Capacity Ratio to Variable TNT Weight on Longitudinal MRF
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5.3. Structural Response to Extreme Blast Loads

5.3.1. Crater
To investigate dimension of crater, CONWEP computer program is used in case of 3,000 Ib
TNT weight and 4,000 Ib TNT weight. In this study, stand-off distance was assumed over 20 ft.

Table 5.1 shows results of applied cases.

Table 5.1 : Results of CONWEP in 3,000 Ib and 4,000 Ib TNT Weight with Dry Sandy Clay

Charge Weight (1b) 3,000 4,000
Depth of Burial (ft) -3 -3

Depth (ft) 8.46 9.55
Radius (ft) 29.19 32.59
Window Breakage Range (ft) 1760 1937

Accordingly window breakage range is over bay width, the window should be broken by the

weight both cases.

5.3.2. Blast Loads
A frame is subjected to 3,000 Ib and 4,000 1b TNT blast at 20 ft stand-off distance in this chapter.
To find blast loads on ten story building at each joint, the CONWEP program was used. Figure

5.23 - Figure 5.24 show time duration and peak reflected pressure on front frame of structure.
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The calculated (CONWEP) peak overpressures on the front frame are shown in Figure 5.23 —
Figure 5.24. These range from a maximum of 4084 psi (3,000 1b), 4870 psi (4,000 lb) at the
point closest to the detonation to a minimum of 10.09 psi (3,000 1b), 11.84 psi (4,000 1b) at the

upper west/east corner.

While these pressures are extremely large, they act for a limited duration, as shown in Figure
5.23 — Figure 5.24. The duration ranges from a maximum of 41.04 msec (3,000 Ib), 39.15msec
(4,000 Ib) in the upper west/east corner to a minimum of 3.86 msec (3,000 Ib), 3.63 msec (4,000

1b), at the upper west/east corner.
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Peak Pressure Distribution

Charge MWeight, b ........ 3664 .
THT Equivalent, lbh ....... 3868 .
Range, feet ............ 28 .88
Peak Pressure, psi ....... 4831 .

128
18.89 - 354.4
354 .4 - E98.8
188
1387. - 1732.
&e 1732. - 2876.
2876 . - 2428.
&8 2428 . - 27B5.
2765. - 3189.
3189. - 3453.
48 3453. - 3708.
3798. - 4142,
4142, - 4487,
2g 4487 . - 4831.
a
Positive Phase Durations
Charge Weight, b ........ Jeea .
THT Equivalent, lbh ....... 3868 .
Range, feet ............ 28 .88
Durations are in msec
178
3.579 - 6.128
6.12@ - ©B.668
188
13.74 - 16.28
g 16.28 - 18.82
18.82 - 21.36
68 21.36 - 23.98
23.98 - 26.44
26.44 - 28.99
a0 28.99 - 31.53
31.53 - 34.87
34.87 - 36.61
36.61 - 39.15

28

Figure 5.23 : Distribution of Peak Reflected Pressure and Time Duration on 3,000 Ib TNT
weight
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Peak Pressure Distribution

Charge Weight, b ........ 4808 .
THT Equivalent, Ib ....... 48068 .
Range, feet ............ 28.88
Peak Pressure, psi ....... 5753.

128
11.84 - 421.9
421.9 - B3z2.8
188
1652 . - Z2BB2.
g 2062 . - 2472,
2472 . - 2882
&8 2882 . - 3292.
3292. - 3vez.
37ez. - 4113,
40 4113. - 4523,
4523 . - 4933,
4933. - 5343,
28 5343. - 5753.
a
Positive Phase Durations
Charge Height, b ........ 4688 .
TNHT Equivalent, b ....... 4008 .
Range, feet ............ 28.88
Durations are in msec
128
3.429 - b6.115
6.115 - §.gez
188
14.17 - 16.86
88 16.86 - 19.55
19.55 - 22.23
68 22.23 - 24.92
24 .92 - 27.61
27.61 - 3a8.29
a8 38.29 - 32.98
32.98 - 35.67
35.67 - 38.35
38.35 - 41.84

28

Figure 5.24 : Distribution of Peak Reflected Pressure and Time Duration on 4,000 Ib TNT
weight
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5.3.3. Responses of Ten Story Building

To obtain the response of extreme blast loads on ten story building, SAP2000 FEM Software
was used. The blast loads are generated at each joint as peak reflected pressure from CONWEP.
The dynamic time history indicates that number of output time steps is 1,000 and output time
step size is 0.005. The damping ratio is assumed as 5%. Dynamic time history curves of each

floor at 20 ft with 3,000 1b, 4,000 Ib TNT weight are shown in Figure 5.25.

30

——Ind —=— fth —i— Roof

Displacement (in)

Time (sec)
(a) 3,000 Ib TNT Weight @ 20 ft Stand-Off Distance

Figure 5.25 : Linear Dynamic Time History to Extreme Blast Loads
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“Figure 5.25 : Continued”

0 -

Displacement (in)

30 b

Time (sec)

(b) 4,000 Ib TNT Weight at 20 ft Stand-Off

To find critical column corresponding to each case, the result of analysis from SAP2000 based
on UBC 97 LRFD design code shows demand/capacity ratio of all frame. These values are
obtained by combination of dead load, live load and blast loads. Figure 5.26 and Figure 5.27
show demand/capacity ratio of each frame against applied loads along both directions. As a

result, critical column on transverse direction was found at closest distance of blast source.

193



U, 154
=
i

0135
=
b
e
i

0126
=
o
£

oez
w
=
4
o

Ol
I
B
P

;.l.lil'-':'b‘
=
i

ELECS
=
i
=

IR
T
s
e

(IR %)
i
b2
=4

OS5
i
-+
5
i

(a) 3,000 Ib Weight at 20 ft Stand-off

82

| 63 1 500

| k50

1 R&R

[ERi T

| 2% 726

1124

1813

il

Ll

[REE]

[URIE

EEA

ERE

[EEIL

EREIE)

OsT

.39

056

0453

282

RG

| 149

| A3

z P -Ran NRs3

L1

| 808

O

Ll

[REE

[URTIE

OLsT
oSy
[IRFLTS
0.8

0451

0Fsu

L

82

RS

| 50

| A3

-Ran AR53

6

[

(WNES

8110

O

Ll

0,141

LT

OLST

0.5

IRRAE

[ERICE]

0451

0as0

| R51

| A5

H-RaA AR5

LT

(HNE

| 803

Ll

LRE L

LR

HEES

LREL B

LEE

0z

0.5

0053

0AsT

0454

Figure 5.26 : Demand/Capacity Ratio on Transverse MRF to Extreme Blast Loads

| R 1511 1293

| i

NR53

[ERTRY]

ATl

1 150

1155

| 745

194



“Figure 5.26 : Continued”
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Figure 5.27 : Demand/Capacity Ratio on Longitudinal MRF to Extreme Blast Loads
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“Figure 5.27 : Continued”
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5.3.4. Summary

As results of dynamic time history analysis with extreme TNT weights, maximum deflections
are shown in Figure 5.28. As might be expected, the maximum deflection occurs for the 4,000
TNT weight @ 20 ft standoff distance. The maximum displacement occurs at roof and
minimum displacement occurs at 1st floor. The maximum displacements are 26.61 in, 35.05 in

and minimum displacements are 3.55 in, 4.56 in respectively.

~4—100_20
~8-500_20
1000_20
~— 2000_20
-3 3000_20
-8 4000_20

Story

Displacement (in)

Figure 5.28 : Maximum Deflection on Each Floor to Extreme Blast Loads
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Based on maximum displacements, instestory drifts are shown in Figure 5.29. The code
limitation of drift ratio based on UBC’97 for earthquake is 0.02 and the responses of two

extreme condition are out of range.

O F //:_///‘

9 | / -
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] : % 1000_20
4 : —i— 2000_20
- 3000_20
3 - —8- 4000_20

2 : _
1 e i 4 :
0 0.01 0.02 0.03 0.04 0.08 0.06 0.07

Drift Index

Figure 5.29 : Interstory Drift to Extreme Blast Loads

The maximum demand/capacity ratios for the columns in each story of the transverse frame and
longitudinal frame for a stand-off distance 20 ft are summarized in Figure 5.30 and Figure 5.31.
Here it can be seen that for two (3,000 Ib and 4,000 Ib TNT) of the blast conditions the D/C

ratios are all more than unity indicating inelastic behavior.
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Figure 5.30 : Demand/Capacity Ratio to Extreme Blast Loads on Transverse MRF
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Figure 5.31 : Demand/Capacity Ratio to Extreme Blast Loads on Longitudinal MRF

200



5.4. Diaphragm Analysis of Using Shell Elements of Ten Story Building

5.4.1. Flexible Diaphragm Analysis

The floor diaphragm is assumed flexible diaphragm and rigid diaphragm as shown in chapter
4.3. The floor diaphragm is represented by flexible diaphragm resulting in shear force and
bending moment contour shown in Figure 5.41 — Figure 5.42 for a linear analysis against 1,000
b @ 20 ft stand-off distance. These contours indicate the blast loading is distributed to the
moment frame on the sides parallel to the blast force. For reference, the member locations,
identification numbers and member sizes are shown in Figure 5.32 for typical longitudinal
frame. Table 5.2 — 5.9 and Figure 5.33 — 5.40 show comparison of developed shear force and
bending moment with capacity of each moment resistance frames. The results of flexible

diaphragm analysis are also shown in Figure 5.41- 5.44 and Table 5.10.

In addition, maximum shear forces and bending moments of Moment Resistant Frame are
investigated as compared with capacity defined by AISC-LRFD [2] shown in chapter 4.3.
Hence, the shear capacity of W14*500, W14*455, W14*370, W14*283, W14*257 is calculated
as 1,159 k/in, 1,035 k/in, 801 k/in, 583 k/in, 523 k/in respectively and the moment capacity
of W14*500, W14*455, W14*370, W14*283, W14*257 is also calculated as 52,500 k-in,

46,800 k-in, 36,800 k-in, 29,150 k-in, 24,350 k-in.
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(a) Generated Member Numbers along the Longitudinal Direction

Figure 5.32 : Generated Member Numbers and Frame Section along the Longitudinal

Direction
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“Figure 5.32 : Continued”
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(b) Generated Frame Sections and Moment Resistant Frames
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Table 5.2 : Max. Shear Force at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

1800

1600 +

1400 +

1200 -

1000

800

600 -

400

200 -

|

1000Ib_20ft

1

Ul E

Frame No. Frame Section Shear Force Shear Strength
(Vw) (9Vw)
11 W14*500 459.2 1159
12 W14*500 313.0 1159
13 W14*455 324.8 1035
14 W14*455 276.5 1035
15 W14*370 222.5 801
16 W14*370 246.4 801
17 W14*283 246.3 583
18 W14*283 264.3 583
19 W14*257 269.0 523
20 W14*257 286.9 523
(unit : k/in)

@ Developed Shear Force (kips/in)
O Shear Strength (kips/in)

I

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.33 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (1,000 b

@ 20 ft)
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Table 5.3 : Max. Shear Force at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(V) (6Vw)
11 W14*500 953.9 1159
12 W14*500 651.8 1159
13 W14*455 650.8 1035
14 W14*455 553.3 1035
15 W14*370 452.1 801
16 W14*370 482.1 801
17 W14*283 486.6 583
18 W14*283 522.6 583
19 W14*257 546.1 523
20 W14*257 590.2 523
(unit : k/in)
20001»_20ft B Developed Shear Force (kips/in)
O Shear Strength (kips/in)
1800
1600
1400 -
1200 —
1000 - a ]
s00 - e 1=
600 | ] Hi _ _ —
400 +
200 +
0

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.34 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (2,000 b
@ 20 ft)
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Table 5.4 : Max. Shear Force at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(Vw) (9Vw)
11 W14*500 1477.1 1159
12 W14*500 1011.9 1159
13 W14*455 995.9 1035
14 W14*455 849.0 1035
15 W14*370 693.2 801
16 W14*370 730.7 801
17 W14*283 742.1 583
18 W14*283 798.2 583
19 W14*257 839.9 523
20 W14*257 912.3 523
(unit : k/in)
3000Ib_20ft

@ Developed Shear Force (kips/in)

O Shear Strer ips/in
5B ngth (kips/in)

la00
1400
12000
looo ] —
00 | — i —
600 = =
400 +

200

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.35 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (3,000 b
@ 20 ft)
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Table 5.5 : Max. Shear Force at MRF Frames (4,000 Ib TNT Weight @ 20 ft)

2000

1800 t

la00

1400 +

1200

1000

800

600

400

Frame No. Frame Section Shear Force Shear Strength
(Vw) (9Vw)
11 W14*500 1886.8 1159
12 W14*500 1312.5 1159
13 W14*455 1272.6 1035
14 W14*455 1072.2 1035
15 W14*370 895.5 801
16 W14*370 936.6 801
17 W14*283 960.8 583
18 W14*283 1031.1 583
19 W14*257 1099.2 523
20 W14*257 1169.8 523
(unit : k/in)

4000Ib_20ft

E Developed Shear Force (kips/in)

O Shear Strength (kips/in)

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.36 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (4,000 1b

@ 20 ft)
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Table 5.6 : Max. Bending Moment at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity

(Mu) (¢Mn)

11 W14*500 43314.0 52500

12 W14*500 30591.9 52500

13 W14%455 25507.7 46800

14 W14*455 22578.7 46800

15 W14*370 18166.2 36800

16 W14*370 20601.0 36800

17 W14%283 19196.9 29150

18 W14%283 24124.7 29150

19 W14*257 21844.8 24350

20 W14*257 23771.2 24350

(unit : k-in)
10000 20ft O Developed Bending Moment (kips-in)

O Moment Capacity (kips-in)
160000
140000 ¢
120000 -
100000 |
s0000 |
60000 |
40000 f

20000 ’_‘ ’—{ ’—i ' ‘ | ‘
l] L L L L 1 L L i L I I

Frame Framme Frame Frame Frame Frame Frame Frame Frame Frame
11 12 13 14 15 16 17 18 19 20

Figure 5.37 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(1,000 Ib @ 20 ft)
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Table 5.7 : Max. Bending Moment at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
11 W14*500 90031.2 52500
12 W14*500 63602.7 52500
13 W14%455 51052.2 46800
14 W14*455 45547.0 46800
15 W14*370 36931.9 36800
16 W14*370 40454.9 36800
17 W14%283 37962.3 29150
18 W14%283 47935.3 29150
19 W14*257 44733.5 24350
20 W14*257 48927.2 24350
(unit : k-in)
2000Ib_20ft O Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000
120000 |
100000
80000 |
60000 | [ ]
40000
20000 | |
I] ! = ! ! 1 o 1 1 1 1 1 |

Frame Framne Frame Frame Frame Frame Frame Frame Frame Frame
11 12 13 14 15 16 17 18 19 20

Figure 5.38 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(2,000 Ib @ 20 ft)
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Table 5.8 : Max. Bending Moment at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
11 W14*500 139484.3 52500
12 W14*500 98740.0 52500
13 W14*455 78117.6 46800
14 W14*455 69556.1 46800
15 W14*370 56534.2 36800
16 W14*370 61394.0 36800
17 W14%283 57977.8 29150
18 W14*283 73260.1 29150
19 W14*257 69040.0 24350
20 W14*257 75600.7 24350
(unit : k-in)
30001_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000 r —
120000 |
100000 o
80000 | — —
60000 | _ = — =
40000 f
20000 | —‘ —‘
l] L L L L 1 L L i L I I

Frame Framme Frame Frame Frame Frame Frame Frame Frame Frame
11 12 13 14 15 16 17 18 19 20

Figure 5.39 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(3,000 Ib @ 20 ft)
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Table 5.9 : Max. Bending Moment at MRF Frames (4,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
11 W14*500 178708.0 52500
12 W14*500 128890.1 52500
13 W14%455 99036.7 46800
14 W14*455 89564.8 46800
15 W14*370 72524.5 36800
16 W14*370 78651.2 36800
17 W14%283 75264.3 29150
18 W14%283 94725.2 29150
19 W14*257 90509.8 24350
20 W14*257 96603.9 24350
(unit : k-in)
40000b_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
la0oon
140000 ¢
120000
100000 | = - —
s0oo0 — -
60000 |
40000 |
20000 | —‘ —‘
I] ! 1 ! 1 1 1 1 1 1 |

Frame Frame Frame Frame Frame Frame Frame Frame Frame  Frame
11 12 13 14 15 16 17 18 10 20

Figure 5.40 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(4,000 Ib @ 20 ft)
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To compare developed forces obtained by flexible diaphragm analysis with capacity, Bending
moment and shear capacity of concrete slab is provided by followed equations from ACI 318-02
[1] as shown in chapter 4.3. Hence, the moment capacity is calculated as 212.5 k-in and the

shear capacity is 0.76 k/in.

043 051 060 068

(a) Shear Force Distribution on Whole Structure (1,000 Ib TNT Weight@?20 ft Stand-Off
Distance)

Figure 5.41 : Shear Force Distribution on Ten Story Building (1,000 Ib TNT Weight @20 ft
Stand-Off Distance)
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“Figure 5.41 : Continued”

(b) Shear Force Distribution at 1* Floor (1,000 1b TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”
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(¢) Shear Force Distribution at 2™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”
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(d) Shear Force Distribution at 3™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”
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(e) Shear Force Distribution at 4™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

(f) Shear Force Distribution at 5™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

(g) Shear Force Distribution at 6™ Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”
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(h) Shear Force Distribution at 7™ Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

(i) Shear Force Distribution at 8" Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)

220



“Figure 5.41 : Continued”
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(j) Shear Force Distribution at 9" Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”
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(k) Shear Force Distribution at Roof (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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(a) Moment Distribution on Whole Structure (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)

Figure 5.42 : Moment Distribution on Ten Story Building (1,000 Ib TNT Weight @20 ft
Stand-Off Distance)
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“Figure 5.42
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(b) Moment Distribution at 1% Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”
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(c) Moment Distribution at 2™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)



“Figure 5.42 : Continued”
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(d) Moment Distribution at 3™ Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”
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(e) Moment Distribution at 4™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”
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(f) Moment Distribution at 5™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

228



“Figure 5.42 : Continued”
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(g) Moment Distribution at 6™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)



“Figure 5.42 : Continued”
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(h) Moment Distribution at 7™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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(i) Moment Distribution at 8" Floor (1,000 1b TNT Weight@20 ft Stand-Off Distance)
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(j) Moment Distribution at 9™ Floor (1,000 1b TNT Weight@20 ft Stand-Off Distance)
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(k) Moment Distribution at Roof (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)



Table 5.10 : The Results of Flexible Diaphragm Analysis

1,000 Ib @ 20 ft 2,000 Ib @ 20 ft 3,000 Ib @ 20 ft 4,000 Ib @ 20 ft

Shear Force | Bending | Shear Force | Bending | Shear Force | Bending | Shear Force | Bending

Floor (k/in) Moment (k/in) Moment (k/in) Moment (k/in) Moment
(k-in) (k-in) (k-in) (k-in)
Roof 1.07 99.9 222 205.1 3.45 316.9 4.41 407.7
gt 0.83 98.4 1.70 201.2 2.60 310.9 3.26 406.1
gh 0.79 87.2 1.70 173.9 2.56 266.0 3.29 346.4
7t 0.77 59.1 1.60 118.6 2.46 184.9 3.08 239.4
6" 0.78 61.1 1.60 127.5 2.46 197.7 3.12 2533
5t 0.82 49.6 1.70 105.6 2.62 163.9 3.26 212.4
4 0.90 57.0 1.83 119.9 2.81 186.3 3.55 237.1
31 0.78 49.8 1.64 99.4 2.55 152.2 3.31 193.3
ond 1.25 49.8 2.59 100.6 3.99 154.4 5.02 202.3
™ 0.45 65.0 0.39 133.36 1.43 209.9 1.79 207.5

As a result, the flexural strength of this system is well provided in cases of 1,000 Ib, 2,000 1b

TNT weight @ 20 ft but other cases is not enough and shear failure is expected to this concrete

slab at all cases as shown in Figure 5.43 — Figure 5.44.
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Shear of Flexible Diaphragm

—+— 10001b_20ft (k/in)
—&— 20001b_20ft (k/in)
—&— 3000Ib_20ft (k/in)
—— 4000Ib_20ft (k/in)
--#-- Shear Capacity (k/in)

0 1 2 3 4 5
In-Plane Shear Force (k/in)

Figure 5.43 : Developed Shear Force vs. Shear Capacity of Concrete Slab Based on

Flexible Diaphragm Analysis

Moment of Flexible Diaphragim

10

Story
tn
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Out-of-Plane Bending Moment (k-in)
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—— 2000Th_20ft (k/in)
—&— 3000Tb_20ft (k/in)
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Figure 5.44 : Developed Bending Moment vs. Moment Capacity of Concrete Slab Based on

Flexible Diaphragm Analysis
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5.4.2. Rigid Diaphragm Analysis

Those models have very high in-plane stiffness due to normal weight concrete fill over 3 in
metal deck. The floor systems are also assumed to be rigid in their planes. Maximum shear
forces and bending moment of Moment Resistant Frame are investigated as compared with
capacity of member shown in Figure 5.46- 5.53 and Table 5.11 — 5.18. For reference, the

member locations, identification numbers and member sizes are shown in Figure 5.45 for

typical longitudinal frame. The distribution of moment on rigid diaphragm is shown in Figure

5.54 and the results of rigid diaphragm analysis are shown in Table 5.19 and Figure 5.55.
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(a) Generated Member Numbers along the Longitudinal Direction

Figure 5.45 : Generated Member Numbers and Frame Section along the Longitudinal
Direction
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“Figure 5.45 : Continued”
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Table 5.11 : Max. Shear Force at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

1s00

1600 |

1400 t

12000

looo

800

600 r

400

200

1

1000I_20ft

L

0B

Frame No. Frame Section Shear Force Shear Strength
(Vw) (9Vw)
11 W14*500 462.4 1159
12 W14*500 313.7 1159
13 W14*455 328.0 1035
14 W14*455 275.9 1035
15 W14*370 221.7 801
16 W14*370 245.3 801
17 W14*283 250.3 583
18 W14*283 263.8 583
19 W14*257 272.9 523
20 W14*257 281.7 523
(unit : k/in)

E Developed Shear Force (kips/in)
O Shear Strength (kips/in)

L

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.46 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (1,000 Ib @

20 ft)
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Table 5.12 : Max. Shear Force at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(V) (6Vw)
11 W14*500 960.4 1159
12 W14*500 653.2 1159
13 W14*455 657.6 1035
14 W14*455 553.7 1035
15 W14*370 450.5 801
16 W14*370 478.5 801
17 W14*283 494.3 583
18 W14*283 521.7 583
19 W14*257 554.1 523
20 W14*257 579.5 523
(unit : k/in)
20001»_20ft B Developed Shear Force (kips/in)
O Shear Strength (kips/in)
1800
1600
1400 -
1200 —
1000 | ] )
s00 - e 1=
600 | i il _ _ _
400 +
200 +
0

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.47 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (2,000 Ib @
20 ft)
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Table 5.13 : Max. Shear Force at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(Vw) (9Vw)
11 W14*500 1486.7 1159
12 W14*500 1013.9 1159
13 W14*455 1005.9 1035
14 W14*455 843.9 1035
15 W14*370 690.7 801
16 W14*370 724.5 801
17 W14*283 753.8 583
18 W14*283 796.8 583
19 W14*257 851.9 523
20 W14*257 895.9 523
(unit : k/in)
3000 _20fi

d Developed Shear Force (kips/in)

O Shear Strencth (kips/in
i ngth (kips/in)

la00
1400
1200
looo ] i
g00 — o= —
600
400 +

2000 +

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.48 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (3,000 Ib @
20 ft)
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Table 5.14 : Max. Shear Force at MRF Frames (4,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(V) (6Vw)
11 W14*500 1898.8 1159
12 W14*500 1315.1 1159
13 W14*455 1285.1 1035
14 W14*455 1083.5 1035
15 W14*370 891.3 801
16 W14*370 927.9 801
17 W14*283 975.5 583
18 W14*283 1029.5 583
19 W14*257 1113.9 523
20 W14*257 1148.6 523
(unit : k/in)
4000Ib_20£t E Developed Shear Force (kips/in)
O Shear Strength (kips/in)
2000
1800
1600 |
1400 |
1200 F| | — B —
1000 ] - — ]
800 r = —
600 r
4000
200 r
0

Frame 11 Frame 12 Frame 13 Frame 14 Frame 15 Frame 16 Frame 17 Frame 18 Frame 19 Frame 20

Figure 5.49 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (4,000 Ib @
20 ft)
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Table 5.15 : Max. Bending Moment at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity

(Mu) (¢Mn)

11 W14*500 43582.9 52500

12 W14*500 30623.2 52500

13 W14%455 25696.3 46800

14 W14*455 22924.0 46800

15 W14*370 18083.2 36800

16 W14*370 20661.3 36800

17 W14%283 19487.0 29150

18 W14%283 24227.6 29150

19 W14*257 22008.0 24350

20 W14*257 23378.2 24350

(unit : k-in)
10000 20ft O Developed Bending Moment (kips-in)

O Moment Capacity (kips-in)
160000
140000 ¢
120000 -
100000 |
s0000 |
60000 |
40000 f

20000 ’—{ ’—i : ‘ H I ‘
l] L L L L 1 L L i L I I

Frame Framme Frame Frame Frame Frame Frame Frame Frame Frame
11 12 13 14 15 16 17 18 19 20

Figure 5.50 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(1,000 Ib @ 20 ft)
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Table 5.16 : Max. Bending Moment at MRF Frames (2,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
11 W14*500 90572.6 52500
12 W14*500 63661.3 52500
13 W14%455 51419.6 46800
14 W14*455 46232.3 46800
15 W14*370 36744.9 36800
16 W14*370 40481.5 36800
17 W14*283 38519.9 29150
18 W14%283 48137.4 29150
19 W14*257 45066.1 24350
20 W14*257 48106.8 24350
(unit : k-in)
2000Ib_20ft @ Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
160000
140000
120000 -
100000 |
30000
60000 | i
40000 f
20000 | |
u 1 3] L = L 1 H L i L L L i 1 1

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
11 12 13 14 15 16 17 18 19 20

Figure 5.51 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(2,000 Ib @ 20 ft)
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Table 5.17 : Max. Bending Moment at MRF Frames (3,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
11 W14*500 140271.3 52500
12 W14*500 98824.2 52500
13 W14%455 78635.9 46800
14 W14*455 70604.2 46800
15 W14*370 56237.6 36800
16 W14*370 61393.6 36800
17 W14%283 58836.7 29150
18 W14%283 73555.6 29150
19 W14*257 69548.0 24350
20 W14*257 74334.6 24350
(unit : k-in)
3000Ib_20ft @A Developed Bending Moment (kips-in)
O Moment Capacity (kips-in)
la0oon
140000
120000
100000 | __
s0oo0 — -
60000 — T =
40000 |
20000 | —‘ —‘
I] ! 1 ! 1 1 1 1 1 1 |

Frame Frame Frame Frame Frame Frame Frame Frame Frame  Frame
11 12 13 14 15 16 17 18 10 20

Figure 5.52 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(3,000 Ib @ 20 ft)
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Table 5.18 : Max. Bending Moment at MRF Frames (4,000 Ib TNT Weight @ 20 ft )

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (¢Mn)
11 W14*500 179496.0 52500
12 W14*500 129010.6 52500
13 W14%455 99639.0 46800
14 W14*455 90903.0 46800
15 W14*370 72113.6 36800
16 W14*370 78588.1 36800
17 W14%283 76385.5 29150
18 W14%283 95122.8 29150
19 W14*257 91122.1 24350
20 W14*257 94881.1 24350
(unit : k-in)
4000Ib_20ft E Developed Bending Moment (kips-in)
O Moment Capacity (lips-in)
180000 - —
160000
140000 |
120000 |
100000 | - — —
soo00 | _ -
60000
40000 t
20000 | —‘ W —‘ —‘
l] L L L L L L L L L |

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
11 12 13 14 15 16 17 18 19 20

Figure 5.53 : Developed Bending Moment vs. Moment Capacity of Rigid Diaphragm
(4,000 Ib @ 20 ft)
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455

(a) Moment Distribution on Whole Structure (1,000 1b TNT Weight@?20 ft Stand-Off Distance)

Figure 5.54 : Moment Distribution on Three Story Building (1,000 Ib TNT Weight @20 ft
Stand-Off Distance)
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“Figure 5.54 : Continued”
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(b) Moment Distribution at 1* Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)



“Figure 5.54 : Continued”
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(c) Moment Distribution at 2™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”
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(d) Moment Distribution at 3™ Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)



“Figure 5.54 : Continued”
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(e) Moment Distribution at 4™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”
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(f) Moment Distribution at 5™ Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)



“Figure 5.54 : Continued”
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(g) Moment Distribution at 6™ Floor (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)



“Figure 5.54 : Continued”
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(h) Moment Distribution at 7" Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54
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(i) Moment Distribution at 8" Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54
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(j) Moment Distribution at 9™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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(k) Moment Distribution at Roof (1,000 Ib TNT Weight@?20 ft Stand-Off Distance)



Table 5.19 : The Results of Rigid Diaphragm Analysis

1,000 Ib @ 20 ft | 2,000 Ib @ 20 ft | 3,000 Ib @ 20 ft | 4,000 Ib @ 20 ft

Floor Moment Moment Moment Moment
(k-in) (k-in) (k-in) (k-in)
Roof 97.0 199.6 309.6 396.2
9t 96.8 197.9 305.8 399.6
g 87.6 174.4 267.2 348.0
7" 58.8 119.7 186.5 241.3
6" 61.0 127.3 197.4 252.8
5t 50.0 106.2 164.8 213.8
4t 56.6 119.1 185.0 235.4
31 49.0 97.7 149.6 190.0
2n 49.8 100.4 154.3 202.0
1* 64.7 134.7 208.8 268.8

Moment of Rigid Diaphragm

10

—+— 10001b_20ft (k/in)
—=— 20000b_20ft (k/in)
—&— 3000Ib_20ft (k/in)
—— 4000Tb_20ft (k/in)
--#-- Moment Capacity (k-in)

Story
h

0 100 200 300 400 500
Out-of-Plane Bending Momnent (k-in)

Figure 5.55 : Developed Bending Moment vs. Moment Capacity of Concrete Slab Based on
Rigid Diaphragm Analysis
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5.5. Nonlinear Structural Response of Ten Story Building

5.5.1. Nonlinear Reponses of Ten Story Building

The time history of the floor displacements obtained from nonlinear analyses is shown in Figure
5.56. Here it can be seen that the displacement for the 4,000 Ib @ 20 ft has increased to 28
inches shown in Figure 5.57. In addition, it has been damped out be inelastic deformations that

have occurred throughout the frame.

An important parameter in earthquake resistant design is the interstory drift index that is
obtained by dividing the maximum relative story displacement by the story height. The UBC’97
requires that for structures having a period greater than 0.7 seconds the interstory drift be
limited to 0.02. The graph shown in Figure 5.58 indicates that the drift is slightly satisfied with
limit for the 1,000 Ib and 2,000 Ib TNT weight@?20 ft. However, interstory drift ratio of other

cases is well above the limiting value.

Nonlinear dynamic analyses can also be used to calculate the demand/capacity (D/C) ratios for
the structural members. Calculated demand/capacity ratios for the four loading conditions are
shown Figure 5.59 — Figure 5.62. In these figures the largest demands occur in the perimeter
moment frames as might be expected. However, there is also a significant demand in the
columns of the transverse frames which are normal to the blast loading. The value of D/C ratio

is lower than one of D/C ratio obtained linear analyses due to reduction of moment demand.
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Figure 5.56 : Nonlinear Dynamic Time History
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“Figure 5.56 : Continued”
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260



10

Story
tn

1000_20 (Nonlinear)
~— 2000_20 (Nonlinear)

~fll-3000_20 (Nonlinear)

~—4000_20 (Nonlinear)

0 5 10 15 20 25 30
Displacement (in)

Figure 5.57 : Maximum Deflection on Each Floor By Nonlinear Analysis
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Figure 5.58 : Maximum Drift Ratio Analyzed By Nonlinear Analysis
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Figure 5.59 : Nonlinear Demand/Capacity Ratio on Transverse Direction
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“Figure 5.59 : Continued”
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“Figure 5.59 : Continued”

L7 L7 ldl 161 b 52
— =T = s ) =i
= W [z iy Ll =
" 1 1 ] 4 e
= = = = — =5
12 [LREE] L3 13 Lias
3 i = = = &
= ™ A gl = el
== &=~ == = = ==
¥ 104 } i} i LAET
& (EREIE = [ER IR - 0 100 & Lk 00 = (kv s
W o 0 " ] = =
= b £ i = £
= = = = = =
V07 o £ P ) iy
[t (E) 2 (EL T £ BREGTS (¥ (1,667 . 05 -
|2 Ll 4 ] 5| .
|2 - = = b=
|= & = = = =
[ERiT (059 [EXETS L] 055
- o s 1 -
= = = u-
= = = = =+
& & = =] =
i 06T (059 .05 (159 (L5s
= =, 20 o] = 5]
| = &y - ar ~l -t
e o+ <t = i =+
o = = = =3 o
| Y g kL i 3 ¥
: = (065 = [ERERL " [ERR kL + D39 = (RS o
3 = = = ki
= = = = =
v OET £ A5 53 i i}
1. 057 = (X033 - B.653 a 052 = k05
L2 = = [= =
| |
ST G.ose (r054 | [ERRE) 053
] ol -+ - i
1= | ™l | =4 1
[ £3 o1 | = o~
| Z | |
Fai [PREkLY 0054 |5 (5 | [l LR  §7 osa |
[=a i T | Wi | ary
| = =+ =t o+ <t =
|- i = = [= |=

|

En

= £

(c) 3,000 Ib TNT Weight at 20 ft Stand-Off Distance

264



“Figure 5.59 : Continued”
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Figure 5.60 : Nonlinear Demand/Capacity Ratio on Longitudinal Direction
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“Figure 5.60 : Continued”

(b) 2,000 Ib TNT Weight at 20 ft Stand-Off Distance
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“Figure 5.60 : Continued”

(c) 3,000 Ib TNT Weight at 20 ft Stand-Off Distance
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“Figure 5.60 : Continued”

(d) 4,000 Ib TNT Weight at 20 ft Stand-Off Distance
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5.5.2. Nonlinear Plastic Hinge Behavior

The default plastic hinge properties in SAP2000 are used for the analyses. These properties are
based on the recommendations made in FEMA-273 for steel moment hinges. The moment-
rotation curve that gives the yield value and the plastic deformation following yield is shown in
chapter 4.4. The hinge parameters are summarized in chapter 4.4 along with the FEMA
condition assessment. To calculate the yield rotation, 0y, is also used from FEMA 356 equations

as shown in chapter 4.4.

For reference, the member locations and identification numbers are shown in Figure 5.63 and
Figure 5.64 for typical transverse and longitudinal frames. The critical members are selected
using nonlinear analysis such as two columns of low floor along transverse direction, two
columns and two beams along longitudinal direction at low floor and roof. The plastic rotation
demands in critical members of the transverse and longitudinal frame are summarized in Figure

5.65 — Figure 5.68.

Demands for the 1,000 Ib TNT weight @ 20 ft and 2,000 1b TNT weight @ 20 ft are
summarized in Figure 5.65 and Figure 5.66. Figure 5.65 is shown that the columns (1, 11) that
exceed the elastic limit have small plastic rotation demands along longitudinal directions.
According to the FEMA recommendations, this building would be classified as suitable for
immediate occupancy (I0). In Figure 5.66, the behaviors of the longitudinal columns (10, 20) at
roof level are linear and similar behaviors can be seen on 1,000 Ib TNT weight @ 20 ft case.
However, other members that exceed the elastic limit have small plastic rotation demands along

both directions.
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The demands for extreme condition of 3,000 Ib @ 20 ft and 4,000 1b @ 20 ft are summarized in

Figure 5.67 and Figure 5.68. Here it can be seen that most cases are over 1.O. range and

nonlinear with more plastic rotation demands along both directions. However, columns on roof

level through longitudinal direction are still in linear ranges.
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Figure 5.66 : Moment-Rotation Relation In Case of 2,000 Ib TNT Weight at 20 ft Stand-
Off Distance

278



“Figure 5.66 : Continued”

60000

50000

40000 """

30000

20000

1ooo0

Moment (ldp-in)

0.01 0.02
-loo000 |

-20000 |

-30000 t

0.03 0.04 0.05

Plastic Rotation (rad)

(c) Moment-Rotation Relationship on Longitudinal Direction (Column 1)

35000

30000

25000 L ggee—eeement

20000 -

15000 +

10000

5000

Moment (ldp-in)

0.06

0
ﬂ 0.01 0.02 0.03
-5000

-10000 |

-15000 *

0.04 0.05 0.06 0.07 0.08

Rotation (rad)

(d) Moment-Rotation Relationship on Longitudinal Direction (Column 10)

0.09

279



“Figure 5.66 : Continued”
80000
0000 e
40000

20000 ¢

o
L

Moment (ldp-in)

0.01 0.02 0.03 0.04 0.05 0.06 0.07
-20000 |

-40000 |

-60000 -

Rotation (rad)

(e) Moment-Rotation Relationship on Longitudinal Direction (Column 11)

40000 ¢
30000 | S E
20000 |

10000

Moment (ldp-in)
»
|

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

-10000

-20000 *

Rotation (rad)

(f) Moment-Rotation Relationship on Longitudinal Direction (Column 20)

280



“Figure 5.66 : Continued”

40000

35000 | ER—

30000 | E

250000

1)

10

B 20000

150000

Moment (kip
"
ic]

100000 : :

so00 | :

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

-5oo00 b
Rotation (rad)

(g) Moment-Rotation Relationship on Longitudinal Direction (Beam 661)

15000
10000 —g—-EH

5000 | .

-0.15 -0.1 -0.05 0.05 0.1 0.15

Moment (ldp-in)

R -5000

" 10000

-15000
Rotation (rad)

(h) Moment-Rotation Relationship on Longitudinal Direction (Beam 670)

281



40000 |
35000 | T——

30000

25000

20000 -

15000

10000

Moment (kip-in)
o
: |

5000

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-5000

-10000 -
Rotation (rad)

(a) Moment-Rotation Relationship on Transverse Direction (Column 61)

40000
35000 | e

30000 :

25000 | i
20000 | 5
15000 |

10000 -

Moment (kip-in)
=
|

So000 -

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
-5000 |

-10000 -
Rotation (rad)

(b) Moment-Rotation Relationship on Transverse Direction (Column 121)

Figure 5.67 : Moment-Rotation Relation In Case of 3,000 Ib TNT Weight at 20 ft Stand-
Off Distance

282



“Figure 5.67 : Continued”

60000
50000
40000
30000 |
20000 +

10000

Moment (kip-in)

-10000 |

-20000 |

-30000 |

-40000 *

0.01

0.02

j0.03 0.04 0.05

Plastic Rotation (rad)

(c) Moment-Rotation Relationship on Longitudinal Direction (Column 1)

35000

30000 -

25000 L g

20000 -

15000

10000

5000

Moment (kip-in)

0.06

-5000

-10000 |

-15000 -

0.02

0.03

0.04 0.05 0.06 0.07 0.08

Rotation (rad)

(d) Moment-Rotation Relationship on Longitudinal Direction (Column 10)

283



“Figure 5.67 : Continued”

20000

o
L
| |

Moment (Idp-in)

0.01 0.02 .03 0.04 0.05 0.06 0.07

-20000 |

-40000 |

-60000 b
Rotation (rad)

(e) Moment-Rotation Relationship on Longitudinal Direction (Column 11)

40000 [
30000 | I = S—"
20000 |

10000 ’

Moment (ldp-in)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

-10000

-20000 t
Rotation (rad)

(f) Moment-Rotation Relationship on Longitudinal Direction (Column 20)

284



“Figure 5.67 : Continued”

50000
40000 | e
-------- v
3o00p B
20000 | W n
5 s
g 10000 :
g 0m i
< 001 o2 003 004 005 006 007 008 0.09
-10000 |
-20000 |
-30000 |
-40000 |
Rotation (rad)
(g) Moment-Rotation Relationship on Longitudinal Direction (Beam 661)
15000
10000 | — g0
A '
5000} | [ B |
E '
s » : B : & ;
2 015 | 01 -0.05 0.0 01 0.15
5] |
= ;
[

-15000- -
Rotation (rad)

(h) Moment-Rotation Relationship on Longitudinal Direction (Beam 670)

285



40000

350000 -

30000 - =

25000 ¢

in)

B 20000

15000

Moment (kdip

10000 +

So000 |

0.01

-5000 b

40000

35000

30000 i

25000 +

-in)

- 20000

15000 1

Moment (kip

10000 +

5000 |

0.04

0.05

Rotation (rad)

0.06

0.07

0.08

=

(a) Moment-Rotation Relationship on Transverse Direction (Column 61)

o S T

-5000

Off Distance

Rotation (rad)

(b) Moment-Rotation Relationship on Transverse Direction (Column 121)

01

=
2 L

Figure 5.68 : Moment-Rotation Relation In Case of 4,000 Ib TNT Weight at 20 ft Stand-

286



“Figure 5.68 : Continued”

60000
50000
40000
30000 ¢
20000

10000 +

Moment (ldp-in)

0.01 0.02 0.03 0.04 0.05 0.06
-10000

-20000 |

-30000 |

-40000 t
Plastic Rotation (rad)

(c) Moment-Rotation Relationship on Longitudinal Direction (Column 1)

35000

30000 |

25000 Lot
§--=

20000

15000 +

10000 ¢

5000

Moment (ldp-in)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
-5000

-10000 |

-15000 -
Rotation (rad)

(d) Moment-Rotation Relationship on Longitudinal Direction (Column 10)

287



“Figure 5.68 : Continued”

80000

— ."//MM

40000 ¢

20000 |

l] . 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Moment (ldp-in)

-20000 |

-40000 |

-60000 b
Rotation (rad)

(e) Moment-Rotation Relationship on Longitudinal Direction (Column 11)

40000

_____..---I
30000 | B
"REE Eh

20000

10000

Moment (kip-in)

-10000

-20000 t
Rotation (rad)

(f) Moment-Rotation Relationship on Longitudinal Direction (Column 20)

288



“Figure 5.68 : Continued”

50000
40000 | -m--18
=== m---cC b i
20000 t+ B---=== [
g :
g 10000 | ;
2 o =
< 001 002 08 004 005 006 007 008 0.09
-10000 |
-20000 |
-30000 |
-40000 |
Rotation (rad)
(g) Moment-Rotation Relationship on Longitudinal Direction (Beam 661)
15000
10000 | e e
2 1 L '
so0¢ | h--u
g ;
= = - - &
2015 | 01 -0.05 0.05 01 0.15
= [
= i
I -suuL
e " 10000
-15000
Rotation (rad)

(h) Moment-Rotation Relationship on Longitudinal Direction (Beam 670)

289



Chapter 6 : Structural Responses of Steel Structure Under
Earthquake

To find responses of earthquake ground accelerations, an acceleration record obtained during
the Northridge earthquake (1994) is used. The record selected is at the Newhall Fire Station in
Northridge earthquake, which is shown in Figure 6.1. This recorded ground acceleration is
digitized by 3,000 data points with a 0.02 sec. time interval. As shown in Table 6.1, the
maximum acceleration is 554.43 cm/sec/sec (0.57g). To compare the structural responses of
recorded earthquake with those of blast loads, the recorded ground acceleration is applied to the

three story building and ten story building.

Ground Acceleration
800
600
400

200

-200 |

Acceleration (cm/sec/sec)

-400 |
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-800 b

Time (sec)

Figure 6.1 : Ground Acceleration of Newhall Fire Station, Northridge Earthquake
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Table 6.1 : Ground Motion Record of Northridge Earthquake

Case Record No. of | Duration DT PGA
Points (sec) (sec) | (cm/sec2)
Newhall Fire Station
NRIDGE 2 Northridge, 1994, 3,000 59.98 0.02 554.43

6.1. Linear Analyses of Three Story Building under Earthquake

From the displacement time histories shown in Figure 6.2 — Figure 6.4, the maximum roof

displacement is 16.05 in. at 5.8 sec. for Newhall Fire Station, Northridge earthquake. The other

deflections are shown in Table 6.2. In addition, maximum deflection envelope of each floor

under recorded ground motion is also shown in Figure 6.5.
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Figure 6.2 : Displacement of at 1* Floor Recorded Ground Motion at Newhall Fire Station
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Figure 6.3 : Displacement of at 2" Floor Recorded Ground Motion at Newhall Fire Station
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Figure 6.4 : Displacement of at 3" Floor Recorded Ground Motion at Newhall Fire Station
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Table 6.2 : Deflection of Each Floor under Northridge Earthquake

Floor Record Time(sec) Max.Deflection(in)
1st Newhall Fire Station, Northridge E.Q. 58 4.8

2nd Newhall Fire Station, Northridge E.Q. 58 11.53

3rd Newhall Fire Station, Northridge E.Q. 58 16.05

-- #-- Newhall Fire station

3 »
2 e
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1 e
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0 2 4 6 8 10 12 14 16 18
Deflection(in)

Figure 6.5 : Maximum Deflection Envelope of Each Floor under Recorded Ground Motion
at Newhall Fire Station
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The code limitation of drift ratio based on UBC’97 is 0.02 and the drift ratio under the ground

motion is not satisfied this code limitation as shown in Figure 6.6.
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Figure 6.6 : Interstory Drift of Northridge Earthquake

The Demand/Capacity (D/C) ratio of each member is shown in Figure 6.7 — Figure 6.10 where

it can be seen that a D/C ratio is over unity at column of 1* floor for the transverse frame and a

D/C Ratio is also over unity at MRF frames for longitudinal direction.
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6.2. Nonlinear Analyses of Three Story Building under Earthquake

6.2.1. Nonlinear Reponses of Three Story Building under Earthquake

The displacement plots at each story obtained from the nonlinear analyses are shown in Figure
6.11 — Figure 6.13. Here it can be seen the displacement has decreased to 3.8 inches at the roof
and the limited cycling is occurring about a new equilibrium position in the deformed structure.
The other deflections are shown in Table 6.3. In addition, maximum deflection envelope of each

floor under recorded ground motion is also shown in Figure 6.14.
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Figure 6.11 : Displacement of at 1* Floor Recorded Ground Motion at Newhall Fire
Station
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Table 6.3 : Deflection of Each Floor under Northridge Earthquake

Floor Record Time(sec) Max.Deflection(in)
1st Newhall Fire Station, Northridge E.Q. 54 3.75

2nd Newhall Fire Station, Northridge E.Q. 54 745

3rd Newhall Fire Station, Northridge E.Q. 54 10.34

Newhall Fire Station

Story

0 2 4 6 8 10 12
Deflectionin)

Figure 6.14 : Maximum Deflection Envelope of Each Floor under Recorded Ground
Motion at Newhall Fire Station
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An important parameter in earthquake resistant design is the interstory drift index that is
obtained by dividing the maximum relative story displacement by the story height. The UBC
requires that for structures having a period greater than 0.7 seconds the interstory drift be
limited to 0.02. The graph shown in Figure 6.15 indicates that the drift is above limiting value at

the first and 2™ floor.

—#— Newhall Fire Station —# — Max.D.I

Story

0 0.005 0.01 0.015 0.02 0.025 0.03
Drift Index

Figure 6.15 : Interstory Drift of Northridge Earthquake
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The Demand/Capacity (D/C) ratio of each member is shown in Figure 6.16 — Figure 6.19 where
it can be seen that a D/C ratio of the column and girder at the 2™ floor and roof is under unity at

the transverse frame but MRF frame for longitudinal direction is still over unity.
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Figure 6.16 : Demand/Capacity Ratio of Transverse Direction under Recorded Ground
Motion at Newhall Fire Station
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Figure 6.17 : Demand/Capacity Ratio of Longitudinal Direction under Recorded Ground
Motion at Newhall Fire Station
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Figure 6.19 : Demand/Capacity Ratio under Recorded Ground Motion at Newhall Fire

Station (Longitudinal Direction)
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6.2.2. Nonlinear Plastic Hinge Behavior of Three Story Building

The default plastic hinge properties in SAP2000 are also used for the analyses as shown in

chapter 4.4.2. These properties are based on the recommendations made in FEMA-273 for steel

moment hinges. The moment-rotation curve that gives the yield value and the plastic

deformation following yield is shown in Figure 6.20. It should be noted that point 1O represents

immediate occupancy, LS indicates life safety and CP means collapse prevention. Only the

plastic deformation is indicted by the hinge. The hinge parameters are summarized in Figure

4.64 and Table 6.4 along with the FEMA condition assessment. To calculate the yield rotation,

0y, is used from FEMA 356 equations as shown in chapter 4.4.2.
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Table 6.4 : Modeling Parameter and Acceptance Criteria for Nonlinear Procedures

Modeling Parameter

Acceptance Parameter

Component Plastic Rotation Angle Plastic Rotation Angle
(radians) (radians)
a b (0] LS CP
Beams &
Columns 96, 116, 16, 60, 86,

For reference, the member locations and identification numbers are shown in Figure 4.65 and

Figure 4.66 for typical transverse and longitudinal frames. The plastic rotation demands in

critical members of the transverse and longitudinal frame are summarized in Figure 6.21.

Demands for the earthquake ground motion recorded at the Newhall Fire Station are

summarized in Figure 6.21. It is shown that the beams that exceed the elastic limit are nonlinear

with plastic rotation demands along longitudinal directions as shown in Figure 6.21. The

behaviors of the transverse columns are nonlinear and similar behaviors can be seen on MRF

frames through longitudinal direction. According to the FEMA recommendations, this building

would be cleared Life Safety (LS).
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Figure 6.21 : Moment-Rotation Relation under Recorded Ground Motion at Newhall Fire

Station
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“Figure 6.21 : Continued”
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“Figure 6.21 : Continued”
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“Figure 6.21 : Continued”
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6.3. Linear Analyses of Ten Story Building under Earthquake

In this chapter, similar approach of three story building is applied for ten story building. Using
SAP2000 FEM software is also used for linear analyses. The maximum roof displacement is
16.34 in. at 9.8 sec. for Newhall Fire Station ground motion from the time histories shown in

Figure 6.22 — Figure 6.25 and shown in Table 6.5
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Figure 6.22 : Displacement of at 1* Floor Recorded Ground Motion at Newhall Fire
Station
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Figure 6.23 : Displacement of at 5" Floor Recorded Ground Motion at Newhall Fire
Station
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Figure 6.24 : Displacement of at 10" Floor Recorded Ground Motion at Newhall Fire
Station
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Table 6.5 : Deflection of Each Floor under Northridge Earthquake

Floor Record Time(sec) Max.Deflection (in)
1st Newhall Fire Station, Northridge E.Q. 86 1.87
5th Newhall Fire Station, Northridge E.Q. 86 18.06
10 Newhall Fire Station, Northridge E.Q. 86 30.2

Mazx. Displacement

10

Story
L

—4— Newhall Fire Station

1] 5 10 15 20 25 30 35
Deflection (in)

Figure 6.25 : Maximum Deflection Envelope of Each Floor under Northridge Earthquake
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The code limitation of drift ratio based on UBC’97 is 0.02 and the responses through 2™ floor

and 7" floor of the ground motion is not satisfied this code limitation as shown in Figure 6.26.

Drift Index
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Story
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Drift Ratio

Figure 6.26 : Interstory Drift of Northridge Earthquake
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The Demand/Capacity (D/C) ratio of each member is shown in Figure 6.27 — Figure 6.30 where

it can be seen that a D/C of transverse direction and longitudinal direction is less than unity but

MREF frames through longitudinal direction indicating inelastic behavior.
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6.4. Nonlinear Analyses of Ten Story Building under Earthquake

6.4.1. Nonlinear Reponses of Ten Story Building under Earthquake

The displacement plots at each story obtained from the nonlinear analyses are shown in Figure
6.31- Figure 6.33. Here it can be seen the displacement has decreased to 25.04 inches at the
roof. The other deflections are shown in Table 6.6. In addition, maximum deflection envelope of

each floor under recorded ground motion is also shown in Figure 6.34
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Figure 6.31 : Displacement of at 1* Floor Recorded Ground Motion at Newhall Fire
Station
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Table 6.6 : Deflection of Each Floor under Northridge Earthquake

Floor Record Time(sec) Max.Deflection (in)
1st Newhall Fire Station, Northridge E.Q. 85 1.25
5th Newhall Fire Station, Northridge E.Q. 85 16.24
10 Newhall Fire Station, Northridge E.Q. 85 25.04

Max. Displacement

10

Story
L

—4— Newhall Fire Station

0 5 10 15 20 25 30
Deflection (in)

Figure 6.34 : Maximum Deflection Envelope of Each Floor under Northridge Earthquake
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The code limitation of drift ratio based on UBC’97 is 0.02 and the responses through 2™ floor

and 5" floor of the ground motion is not satisfied this constraint as shown in Figure 6.35
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Figure 6.35 : Interstory Drift of Northridge Earthquake
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The Demand/Capacity (D/C) ratio of each member is shown in Figure 6.36 - Figure 6.39 where

it can be seen that a D/C of transverse direction and longitudinal direction is less than unity but

girders of MRF through longitudinal direction indicating inelastic behavior.
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Motion at Newhall Fire Station
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Figure 6.37 : Demand/Capacity Ratio of Longitudinal Direction under Recorded Ground
Motion at Newhall Fire Station
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6.4.2. Nonlinear Plastic Hinge Behavior of Ten Story Building

The default plastic hinge properties in SAP2000 are used for nonlinear analyses. These
properties are based on the recommendations made in FEMA-273 for steel moment hinges. The
moment-rotation curve that gives the yield value and the plastic deformation following yield is
shown in chapter 4.4. The hinge parameters are summarized in chapter 4.4 along with the
FEMA condition assessment. To calculate the yield rotation, Oy, is also used from FEMA 356

equations as shown in chapter 4.4.

The critical members are selected using nonlinear analysis such as one column of 1* floor along
transverse direction, one column and two beams along longitudinal direction at 1¥ floor and roof.
The plastic rotation demands in critical members of the transverse and longitudinal frame are
summarized in Figure 6.40. The rotation demands of columns in both directions are in elastic
range but girders in longitudinal direction are weakly nonlinear behavior in immediate

occupancy (10).
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“Figure 6.40 : Continued”
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Chapter 7 : Conclusion

The analytical studies are intended to present the responses of low and mid rise steel building
structures under blast loads. The analytical results are compared with the current building code
requirements for seismic design [28]. Five different sets of finite element models are developed
representing two steel structures: the first one is a linear frame model with variable stand off
distances; the second one is a linear frame model with variable weights of explosive (TNT);
third one is linear diaphragm model with different TNT weights; fourth one is nonlinear frame
model with variable TNT weights; while the last one is linear and nonlinear frame model with
earthquake case. This study assumes the walls perpendicular to the blast remain intact. This
places the maximum horizontal force on the structural frame. The results of this limited study

indicate the following:

7.1. Linear Analysis of Three Story Building
1. To investigate the dimension of the blast crater, TM 5-855-1 [26] is used considering
explosive weights of 500 Ib, 1,000 1b and 2,000 1b. The radii of the crater due to 500 b, 1,000

Ib, 2,000 1b of TNT are all less than the minimum standoff distance used in this study.

2. Considering a 1,000 1b explosive weight, a standoff distance of less than 30 feet does not
provide adequate protection for this structure. As results of analysis at 20 ft standoff distance,

this structure is not adequate for explosive weights over 1,000 Ib TNT.

3. The maximum drift ratio satisfies the UBC’97 code for earthquake with the exception of the

following cases ; 1,000 Ib at 20 ft or less and 2,000 Ib at 20 ft.
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4. The constraints of joints (pinned or fixed) and the orientation of column strong axis have a

limited effect on the structure for interstory drifts and demand/capacity ratio for weak axis.

5. In flexible diaphragm analysis, the diaphragm is effective in distributing the blast loads from
the front face to the other frames on the perimeter. The maximum shear force and bending
moment of MRF frames for 2,000 1b, 3,000 Ib TNT weight @ 20 ft are exceed the code
design values of AISC-LRFD as shown in chapter 4.3. In addition, comparison of in-plane
shear on the concrete slab indicates that in-plane shear is over its capacity in blast loads
considered as shown in Figure 7.1. If the effective thickness of concrete slab replaces 3.5
inches for 8 inches, the concrete slab can resist for 1,000 Ib TNT weight at 20 ft. However,
the out-of-plane bending demands are smaller than bending capacity of concrete slab with

exception of 3,000 Ib TNT weight at 20 ft as shown in Figure 7.2.

6. The maximum shear force and bending moment of MRF frames from rigid diaphragm
analysis in 2,000 Ib, 3,000 1b TNT weights @ 20 ft also exceed the code design values of
AISC-LRFD as shown in chapter 4.3. However, the out-of-plane bending demands are also
smaller than bending capacity of concrete slab with exception of 3,000 Ib TNT weight at20 ft

as shown in Figure 7.3.

7. Comparison with the earthquake response indicates that the maximum displacement of this

building for 2,000 1b TNT weight at 20 ft is more than that of earthquake as shown in Figure

7.4.
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8. The maximum D/C ratios for the columns in each story of the transverse frame for an
explosive weights and ground motion are shown in Figure 7.6. Here it can be seen that the
D/C ratio for 500 Ib TNT weight at 20 ft and earthquake are less than unity in 2™ floor and
roof indicating elastic behavior. The D/C ratio of two blast conditions over 1,000 TNT
weight is greater than unity. However, Figure 7.7 shows that the maximum D/C ratios for the
columns in each story of the longitudinal frame are greater than unity indicating possible

inelastic behavior in all cases.

9. The maximum D/C ratios of columns along longitudinal direction are higher than for the
columns along the transverse direction. Because the diaphragm is distributing the blast loads
from the front face to the other frames on the parameter as shown in Figure 7.8. The higher
D/C ratios and inelastic deformation occur in the longitudinal frame for blast load. In
addition, the demand/capacity ratio resulted from rigid diaphragm analysis is higher than

that resulted from flexible diaphragm analysis as shown in Figure 7.9 — Figure 7.12.
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Figure 7.2 : Developed Out-of-Plane Bending Moment vs. Moment Capacity of Concrete
Slab Based on Flexible Diaphragm Analysis
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Figure 7.3 : Developed Out-of-Plane Bending Moment vs. Moment Capacity of Concrete
Slab Based on Rigid Diaphragm Analysis
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Figure 7.4 : Max. Deflection Envelope of Each Floor under Northridge Earthquake and
Blast Loads
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Figure 7.5 : Max. Interstory Drift of Northridge Earthquake and Blast Loads
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Figure 7.6 : Max. Demand/Capacity Ratio under Blast Loads and Recorded Ground
Motion at Newhall Fire Station (Columns along Transverse Direction)
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Figure 7.7 : Max. Demand/Capacity Ratio under Blast Loads and Recorded Ground
Motion at Newhall Fire Station (Columns along Longitudinal Direction)
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Figure 7.8 : In-Plane Shear Flow Distribution on 3 Story Building
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(b) Demand/Capacity Ratio of Longitudinal Direction (Flexible Diaphragm Analysis)

Figure 7.9 : Demand/Capacity Ratio of MRF Frames (Flexible Diaphragm Analysis)
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Figure 7.10 : Max. Demand/Capacity Ratio under Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Flexible Diaphragm Analysis)
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(a) Demand/Capacity Ratio of Transverse Direction (Rigid Diaphragm Analysis)
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Figure 7.11 : Demand/Capacity Ratio of MRF Frames (Rigid Diaphragm Analysis)
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Figure 7.12 : Max. Demand/Capacity Ratio under Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Rigid Diaphragm Analysis)

334



7.2. Nonlinear Analysis of Three Story Building

1. The maximum displacement for 1,000 Ib @ 15 ft and 1,000 Ib @ 20 ft has similar values.
However, the maximum displacement for the 2,000 1b @ 20 ft has increased to 26 inches at
roof as shown in Figure 7.13. In addition, the cycling is occurring about new equilibrium

position in the deformed structure as shown in chapter 4.4.

2. In Figure 7.14, the drift ratio for the 1,000 b @ 15 ft and 1,000 Ib @ 20 ft exceed limitation
of UBC’ 97 for earthquake at 1* floor and roof. In addition, for the 2,000 1b @ 20 ft, the

interstory drift ratio is also well above the limiting value defined as UBC’97.

3. The value of D/C ratio is lower than one of D/C ratio obtained linear analyses due to

reduction of moment demand as shown in Figure 7.15.

4. Comparison with the earthquake response indicates that the displacement of this building for
blasts of 15 ft, 20 ft stand-off distances with 1,000 Ib TNT weights is basically same as
displacement of considered earthquake. However, the displacement of 2,000 1b TNT weight at
20 ft stand-off distance is more than that of considered earthquake as shown in Figure 7.13.
The drift ratio of considered earthquake is above the code value with the exception of 3™ floor

as shown in Figure 7.14.

5. Nonlinear Demands for the 1,000 Ib TNT weight @ 15 ft and 20 ft are summarized in Table
7.1 and Table 7.2. Table 7.1 is shown that the beams and columns that exceed the elastic limit

have small plastic rotation demands along both directions. In Table 7.2, the behaviors of the
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transverse columns at the roof level are linear and similar behaviors can be seen on 1,000 Ib
TNT weight at 15 ft. According to the FEMA recommendations, this building would be

classified as suitable for life safety (1O).

. Demands for the condition of 2,000 1b @ 20 ft are summarized in Table 7.3. Here it can be
seen that there is yielding in the column over both directions of the frame. The plastic rotation
demands range from 0.049 radians at the first floor to 0.030 radians at the roof of longitudinal
direction. These range from 0.044 radians at the first floor to 0.009 radians at the roof level of
transverse direction. In addition, there is also yielding in the beams over the height of the
frame with plastic rotation demands ranging from 0.0459 radians at the 2™ floor to 0.035 at
the roof of longitudinal direction. It can be seen that hinge state is classified as suitable for

life safety (LS) in case of 2,000 Ib TNT weight @ 20 ft.

. Demands for earthquake recorded Newhall Fire Station are summarized in Table 7.4. It is
shown that the columns that exceed the elastic limit have small plastic rotation demands along
both directions. However, there is yielding in the longitudinal beams with plastic rotation
demands ranging from 0.014 radians at the first floor of longitudinal direction to 0.022
radians at the roof level. It can be seen that hinge state is classified as suitable for life safety

(IO) in case of earthquake.

. As results of nonlinear analysis of 3 story building, columns at the first floor level have a high

plastic rotation demand that makes them critical due to maximum horizontal force on the first

floor level as shown in Figure 7.17 — Figure 7.19
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Figure 7.13 : Max. Deflection Envelope of Each Floor under Northridge Earthquake and
Blast Loads (Nonlinear Analyses)
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Figure 7.14 : Max. Interstory Drift of Northridge Earthquake and Blast Loads (Nonlinear
Analysis)
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Figure 7.16 : Generate Member Numbers along Both Directions
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“Figure 7.16 : Continued”
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Table 7.1 : Acceptance Criteria for Nonlinear Procedures (1,000 1b @ 15 ft)
. Hinge
Case Member Section Oy op a b State
(Loigilﬁurgﬁlal) Eg'lgl(c))or) 0.007 | 0.0185 | 0.062 | 0.076 |IO-LS
g‘ﬁg liioor) 0.007 | 0.0018 | 0.062 0.076 <10
?IIQO(;olt% 0.007 0.010 0.062 0.076 | IO-LS
Column No. 43
1,0001b | (Transverse) | (1% Floor) 0.009 | 0.0144 | 0.084 0.102 |IO-LS
15 ft
@ gg& gélloor) 0.009 0.003 0.084 0.102 <IO
No. 45 0.009 0.000 0.084 0.102 Linear
(Roof)
Beam No. 196
(Longitudinal) | (1% Floor) 0.009 0.007 0.079 0.096 <IO
g(“)‘i 113?070r) 0.009 0.016 0.079 0.096 | IO-LS
g{()(;()lgg 0.011 0.017 0.079 0.124 | IO-LS

Where, 10 = 10,, LS = 60, CP = 86,
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Table 7.2 : Acceptance Criteria for Nonlinear Procedures (1,000 1b @ 20 ft)

. Hinge
Case Member Section Oy Op a b State
Column No. 10
(Longitudinal) | (1* Floor) 0.007 | 0.0165 | 0.062 0.076 | IO-LS
No. 11
(2™ Floor) 0.007 | 0.0014 | 0.062 0.076 <IO
No. 12 0.007 | 0.0079 | 0.062 0.076 | I0-LS
(Roof)
Column No. 43
) Transverse Floor i
é@()()() ;b ( ) | (1% Floor) 0.009 | 0.0123 | 0.084 0.102 |IO-LS
20 ft No. 44
(2™ Floor) 0.009 | 0.0002 | 0.084 0.102 <I0
No. 45 .
(Roof) 0.009 0 0.084 0.102 Linear
Beam No. 196
(Longitudinal) | (1* Floor) 0.009 | 0.0062 | 0.079 0.096 <IO
No. 197
(2™ Floor) 0.009 | 0.0157 | 0.079 0.096 |IO-LS
No. 198 0.011 0.0167 | 0.079 0.124 | IO-LS
(Roof)
Table 7.3 : Acceptance Criteria for Nonlinear Procedures (2,000 1b @ 20 ft)
Case Member Section 0 0 a b Hinge
y P State
Column No. 10
(Longitudinal) | (1* Floor) 0.007 | 0.0493 | 0.062 0.076 | LS-CP
No. 11
(2™ Floor) 0.007 | 0.0251 | 0.062 0.076 | 10-LS
No. 12 0.007 0.030 0.062 0.076 | 10-LS
(Roof)
Column No. 43
2@ 000 ;b (Transverse) | (1% Floor) 0.009 0.044 0.084 0.102 | IO-LS
20 ft No. 44
(2™ Floor) 0.009 0.012 0.084 0.102 | IO-LS
No. 45 0.009 | 0.0092 | 0.084 0.102 | IO-LS
(Roof)
Beam No. 196
(Longitudinal) | (1* Floor) 0.009 0.035 0.079 0.096 | I0-LS
No. 197
(2™ Floor) 0.009 | 0.0459 | 0.079 0.096 | 1I0-LS
No. 198 0.011 0.0354 | 0.079 0.124 | I0-LS
(Roof)
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Table 7.4 : Acceptance Criteria for Nonlinear Procedures (Earthquake)

. Hinge
Case Member Section Oy op a b State
Column No. 10
(Longitudinal) | (1* Floor) 0.007 0.013 0.062 0.076 | 10-LS
gﬂ’a Hoor) 0.007 | 0.004 | 0062 | 0076 | <IO
Recorded g{:olé 0.007 0.003 0.062 0.076 <10
at Column No. 43
Newhall (Transverse) | (1 Floor) 0.009 0.006 0.084 0.102 (0]
Fire
i Beam No. 196
Station (Longitudinal) | (1* Floor) 0.009 0.014 0.079 0.096 | IO-LS
gg& 11:190700 0.009 0.018 0.079 0.096 | IO-LS
?}I{o(;olgig 0.011 0.022 0.079 0.124 | IO-LS
Longitudinal Columns
3 4
—+—1,0001b_20 ft
& o —=— 2,000 b_20 ft
# —&—1,0001h 15 ft
-- 3 -- Earthquake
1 : > ; |
0 0.01 0.02 0.03 0.04 0.05 0.06

Max. Plastic Rotation (rad)

Figure 7.17 : Max. Plastic Rotation at Each Story (Longitudinal Columns)
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Figure 7.18 : Max. Plastic Rotation at Each Story (Transverse Columns)
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Figure 7.19 : Max. Plastic Rotation at Each Story (Longitudinal Beams)



7.3. Linear Analysis of Ten Story Building
1. Considering the 1,000 Ib explosive, this structure is adequate of all considered stand-off
distances. As results of analysis with 100 Ib, 500 b, 1,000 Ib and 2,000 1b TNT weight at 20 ft

stand-off distance, this structure does not provide for protection over 2,000 Ib TNT.

2. The drift ratio for all blast loads satisfies the UBC’97 code for earthquake with the exception
0f 2,000 Ib at 20 ft as shown in Figure 7.24. The D/C ratios of transverse direction of blast
except for 500 Ib TNT weight @ 20 ft are higher than that of the earthquake considered as
shown in Figure 7.25. The higher D/C ratios occur in the longitudinal frame (strong axis

columns) for both blast and earthquake.

3. As results of analysis with 3,000 1b and 4,000 Ib TNT weight at 20 ft standoff distance in
chapter 5.3, this structure is also needed adequate protection. The higher D/C ratios also occur
in the longitudinal frame for extreme blast load cases. The drift ratios of extreme blast loads

exceed the UBC’97 code for earthquake as shown in chapter 5.3.

4. In flexible diaphragm analysis, maximum shear force and bending moment of MRF frames
for 2,000 Ib, 3,000 1b, 4,000 Ib TNT weight @ 20 ft are exceed the code design values of
AISC-LRFD as shown in chapter 5.4. In addition, comparison of in-plane shear on the
concrete slab indicates that in-plane shear is over its capacity in blast loads considered as
shown in Figure 7.20. However, the out-of-plane bending demands are smaller than bending
capacity of concrete slab with exception of 3,000 Ib and 4,000 Ib TNT weight @ 20 ft as

shown in Figure 7.21.
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5. The rigid diaphragm is effective in distributing the blast loads from the front face to the other
frames on the perimeter. Maximum shear force and bending moment of MRF frames resulted
from both analyses in 2,000 Ib, 3,000 Ib, 4,000 Ib TNT weights @ 20 ft are also exceed the
code design values of AISC-LRFD as shown in chapter 5.4. However, the out-of-plane
bending demands are smaller than bending capacity of concrete slab with exception of 3,000
Ib and 4,000 Ib TNT weight @ 20 ft as shown in Figure 7.22. In addition, maximum shear
force and bending moment of MRF frames are almost same in flexible and rigid diaphragm

analysis as shown in chapter 5.4.

6. Comparison with the earthquake response indicates that the maximum displacement of this
building for a blast is less than that of earthquake as shown in Figure 7.23. The code
limitation of drift ratio based on UBC’97 for earthquake is 0.02 and the responses of all
loadings satisfy code limitation with the exception of the 2,000 Ib TNT weight @ 20 ft and
earthquake considered as shown in Figure 7.24. However the drift is only 0.029 of 2,000 1b

TNT which should be sustained with proper welded connections.

7. The maximum D/C ratios for the columns in each story of the transverse frame for an
explosive weights and ground motion are shown in Figure 7.25. Here it can be seen that the
D/C ratios are less than unity indicating elastic behavior except case of 2,000 1b TNT.
However, Figure 7.26 shows that the maximum D/C ratios for the columns in each story of
the longitudinal frame are over unity in cases of 1,000 Ib, 2,000 Ib TNT weights and

earthquake.
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8. The maximum D/C ratios of columns along longitudinal direction are higher than for the
columns along the transverse direction. Because the diaphragm is distributing the blast loads
from the front face to the other frames on the parameter as shown in Figure 7.27. The higher
D/C ratios and inelastic deformation occur in the longitudinal frame for blast load. In
addition, the demand/capacity ratio resulted from rigid diaphragm analysis is slightly higher

than that resulted from flexible diaphragm analysis as shown in Figure 7.28 — Figure 7.31.

Shear of Flexible Diaphragim

—&—1000Db_20ft (k/in)
—=— 2000Db_20ft (k/in)
—k— 3000Ib_20ft (k/in)
—— 4000Ib_20ft (k/in)
--#-- Shear Capacity (k/in)

Story
L

0 1 2 3 4 5 6
In-Plane Shear Force (k/in)

Figure 7.20 : Developed In-Plane Shear vs. Shear Capacity of Concrete Slab Based on
Flexible Diaphragm Analysis
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0
0 100 200 300 400 500
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Figure 7.21 : Developed Out-of-Plane Bending Moment vs. Moment Capacity of Concrete
Slab Based on Flexible Diaphragm Analysis
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Figure 7.22 : Developed Out-of-Plane Bending Moment vs. Moment Capacity of Concrete
Slab Based on Rigid Diaphragm Analysis
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Figure 7.23 : Max. Deflection Envelope of Each Floor under Northridge Earthquake and
Blast Loads
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Figure 7.24 : Max. Interstory Drift of Northridge Earthquake and Blast Loads
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Figure 7.25 : Max. Demand/Capacity Ratio under Blast Loads and Recorded Ground
Motion at Newhall Fire Station (Columns along Transverse Direction)
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Figure 7.26 : Max. Demand/Capacity Ratio under Blast Loads and Recorded Ground
Motion at Newhall Fire Station (Columns along Longitudinal Direction)
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Direction

Figure 7.27 : In-Plane Shear Flow Distribution on 10 Story Building
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“Figure 7.28 : Continued”
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Figure 7.29 : Demand/Capacity Ratio of MRF Frames (Rigid Diaphragm Analysis)
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Figure 7.30 : Max. Demand/Capacity Ratio under Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Flexible Diaphragm Analysis)
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Figure 7.31 : Max. Demand/Capacity Ratio under Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Rigid Diaphragm Analysis)
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7.4. Nonlinear Analysis of Ten Story Building

1. The maximum displacement through 6™ floor and 9" floor in case of earthquake is greater
than that of blast loads. However, in cases of 3,000 1b and 4,000 Ib TNT weights at 20 ft
stand-off distance, the displacement of earthquake is less through the first floor and 5" floor

as shown in Figure 7.32.

2. An important parameter in earthquake resistant design is the interstory drift index that is
obtained by dividing the maximum relative story displacement by the story height. The UBC
requires that for structures having a period greater than 0.7 seconds the interstory drift be
limited to 0.02. As results of nonlinear analysis for blast loads, the drift ratio is above the code
limitation in case of 3,000 Ib and 4,000 Ib TNT weights at 20 ft stand-off distance. In case of
earthquake, the drift ratio is well satisfied with limiting code value in exception through 3™

floor and 5™ floor as shown in Figure 7.33.

3. The value of demand/capacity ratio is lower than one of D/C ratio obtained linear analysis

due to reduction of moment demand as shown in Figure 7.34.

4. Demands for the 1,000 Ib TNT weight @ 20 ft and 2,000 Ib TNT weight @ 20 ft are
summarized in Table 7.5 and Table 7.6. Table 7.5 is shown that the columns (1, 11) at 1* floor
that exceed the elastic limit have small plastic rotation demands along longitudinal directions.
According to the FEMA recommendations, this building would be classified as suitable for
immediate occupancy (IO). In Table 7.6, the behaviors of the longitudinal columns (10, 20) at
roof level are linear and other members that exceed the elastic limit have small plastic rotation

demands along both directions.
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5. The demands for extreme condition of 3,000 1b @ 20 ft and 4,000 Ib @ 20 ft are summarized
in Table 7.7 and Table 7.8. Here it can be seen that most cases have more plastic rotation
demands along both directions than previous cases. However, columns (10, 20) on roof level
through longitudinal direction are still in linear ranges. According to the recommendations of
FEMA, this building under 3,000 Ib TNT weight and 4,000 Ib TNT weight at 20 ft would be
classified as suitable for life safety (LS) and collapse prevention (CP) respectively. Demands
for earthquake recorded Newhall Fire Station are summarized in Table 7.9. It is shown that
the demands of column of both directions are still elastic but girders have small plastic
rotation demands along longitudinal direction. According to the FEMA recommendations, this

building would be classified as suitable for immediate occupancy (10)

Max. Displacement

--+#-- Newhall Fire Station
--l-- 1000_20 (Nonlinear)
—— 2000_20 (Nonlinear)
—l— 3000_20 (Nonlinear)
—4#— 4000_20 (Nonlinear)

0 5 10 15 20 25 30
Deflection (in)

Figure 7.32 : Max. Deflection Envelope of Each Floor under Northridge Earthquake and
Blast Loads
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Drift Index

—=&— 1000_20 (Nonlinear)
—&— 2000_20 (Nonlinear)
—#— 3000_20 (Nonlinear)
—4#— 4000_20 (Nonlinear)
--+-- Newhall Fire Station
—&— Max D.I.

Story

-0.01 0 0.01 0.02 0.03 0.04 0.05
Drift Ratio

Figure 7.33 : Max. Interstory Drift of Northridge Earthquake and Blast Loads
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Figure 7.34 : Comparison of Moment Demand Resulted from Linear and Nonlinear
Analysis for Longitudinal Girder
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“Figure 7.35 : Continued”
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Table 7.5 : Acceptance Criteria for Nonlinear Procedures (1,000 1b @ 20 ft)

. Hinge
Case Member Section Oy op a b State
Column No. 1
(Longitudinal) | (1* Floor) 0.0061 0.0021 0.0554 | 0.0677 <10
No. 101 gg71 0 0.0643 | 0.0786 | Linear
(Roof)
No. 11 0.0058 | 0.0030 | 0.0524 | 0.0640 | <IO
(1* Floor)
No. 20 .
1,000 Ib (Roof) 0.0070 0 0.0636 0.0777 Linear
@ 20 ft Column No. 61 .
(Transverse) | (1* Floor) 0.0080 0 0.0743 0.0908 Linear
No. 121 ]
(1* Floor) 0.0080 0 0.0743 0.0908 Linear
Beam No. 661 .
(Longitudinal) | (1* Floor) 0.0070 0 0.0658 | 0.0805 Linear
No. 670 .
(1¥ Floor) 0.0110 0 0.1011 0.1236 Linear
Table 7.6 : Acceptance Criteria for Nonlinear Procedures (2,000 1b @ 20 ft)
Case Member Section 0 0 a b Hinge
y p State
Column No. 1
(Longitudinal) | (1¥ Floor) 0.0061 0.0153 0.0554 | 0.0677 | IO-LS
No. 10-1 5 5971 0 0.0643 | 0.0786 | Lincar
(Roof)
NS‘ 1 0.0058 0.0158 0.0524 0.0640 I0-LS
(1* Floor)
No. 20 .
2,000 Ib (Roof) 0.0070 0 0.0636 0.0777 Linear
@201 Column ) No. 61 0.0080 | 0.0105 | 0.0743 | 0.0908 | 10-LS
(Transverse) | (1™ Floor)
No. 121
o 0.0080 0.0105 0.0743 0.0908 I0-LS
(1* Floor)
Beam No. 661
(Longitudinal) | (1% Floor) 0.0070 0.0078 0.0658 | 0.0805 | IO-LS
No. 670 | 6 o110 | 0.0029 | 01011 | 01236 | <10
(1% Floor)
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Table 7.7 : Acceptance Criteria for Nonlinear Procedures (3,000 1b @ 20 ft)

. Hinge
Case Member Section Oy Op a b State
Column No. 1
(Longitudinal) (1% Floor) 0.0061 0.02830 | 0.0554 0.0677 I0-LS
No. 10 :
0.0071 0 0.0643 0.0786 Linear
(Roof)
No. 11
o 0.0058 0.02892 | 0.0524 0.0640 I0-LS
(1" Floor)
No. 20 )
3,000 Ib (Roof) 0.0070 0 0.0636 0.0777 Linear
@201 Column_ | No. 61 0.0080 | 0.02311 | 0.0743 | 0.0908 | 10-LS
(Transverse) | (1" Floor)
No. 121
o 0.0080 0.02311 0.0743 0.0908 10 -LS
(17 Floor)
Beam No. 661
(Longitudinal) | (1* Floor) 0.0070 | 0.01899 | 0.0658 0.0805 | IO-LS
No.670 | 6 o110 | 0.0058 | 0.1011 | 01236 | <10
(1% Floor)
Table 7.8 : Acceptance Criteria for Nonlinear Procedures (4,000 1b @ 20 ft)
Case Member Section 0 0 a b Hinge
y p State
Column No. 1
(Longitudinal) (1* Floor) 0.0061 0.0367 0.0554 0.0677 LS -CP
No. 1014 5977 0 0.0643 | 00786 | Linear
(Roof)
No. I1~ 1 0058 | 0.0375 | 0.0524 | 0.0640 | LS—CP
(1™ Floor)
No. 20 :
4,000 Ib (Roof) 0.0070 0 0.0636 0.0777 Linear
@201t Column | No. 61 0.0080 | 0.0305 | 0.0743 | 0.0908 | 10-LS
(Transverse) | (1” Floor)
No. 121
st 0.0080 0.0305 0.0743 0.0908 I0-LS
(1” Floor)
Beam No. 661
(Longitudinal) (1* Floor) 0.0070 0.0307 0.0658 0.0805 I0-LS
Ng. 670 0.0110 0.006 0.1011 0.1236 <10
(1¥ Floor)
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Table 7.9 : Acceptance Criteria for Nonlinear Procedures (Earthquake)

. Hinge
Case Member Section Oy Op a b State
Column No. 1
(Longitudin | (1* Floor) 0.0061 0 0.0554 | 0.0677 | Linear
Recorded al)
At Column | No. 121 .
Newhall | (Transverse) | (1* Floor) 0.0080 0 0.0743 0.0908 | Linear
Fire
] Beam No. 661
Station (Longitudin | (1* Floor) 0.0070 0.002 0.0658 | 0.0805 <10
al) No. 670 0.0110 | 0.002 | 0.1011 | 0.1236 | <IO
(1* Floor)
Longitudinal Columns
10
9
8
7
——1,000
P 6 —=- 2,000 h
2 . —&— 3,000 h
’ —5¢- 4,000 Th

Y : e e

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Max. Plastic Rotation (rad)

Figure 7.36 : Max. Plastic Rotation at Each Story (Longitudinal Columns)
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Figure 7.37 : Max. Plastic Rotation at Each Story (Longitudinal Beams)

Transverse Columns
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Figure 7.38 : Max. Plastic Rotation at Each Story (Transverse Columns)
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7.5. Comparison of Single-Degree of Freedom analysis Between Steel and Concrete

Column on Murrah Building

The Murrah building represents one structural system, a reinforced concrete ordinary moment
frame (OMF), gravity —load-resisting system with reinforced concrete shear walls used to resist
lateral wind loads [14]. The structure was a nine story building reinforced concrete frame.
However, the principal exterior columns supporting the transfer girder and the floor slabs of the
building did not provide any deliberate resistance against a vehicular bomb attack. In this
chapter, substituting concrete column used in murrah building for steel column used in chapter 5,
the effect of steel column is investigated using single degree of freedom analysis [5]. As
indicated in Figure 7.33, its response to blast load is approximated as a simply supported beam
between the first- and third floor elevations [5]. The column resisted blast loads about its weak
axis as shown in Figure 7.34. The blast loads was 4,000 1b TNT weight at 14 ft and it directly

removed a principal exterior column [14].

Third Fioor

uil} = dafection as & tuncon of dme
A pil) = tront prassure as & function of tme

Figure 7.39 : Model of Column (Single Degree of Freedom)
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Figure 7.40 : Cross Section of Column

On the front face of this column, the blast load rises abruptly to the reflected pressure, 1,400 1b
per square inch [14]. Therefore this blast load is used in this chapter to compare concrete and
steel column. Table 7.10 contain the nominal flexural strength of the concrete column section

and used in the calculations. The flexural strength was based on the following expression.

M,=A,f [1—0.5 Pl }
’ 0.85f,

Where, Mu = flexural moment strength of a reinforced section; As = total cross-sectional area of
tensile reinforcement; fy = yielding strength of the tensile reinforcement; d = distance from top

fiber in compression to centroid of tensile reinforcement
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Table 7.10 : Calculated Flexural Strength of Concrete Column

Measurement Concrete Cglqmn
(Murrah Building)

width (in) 36
Effective depth (in) 20
[Number of bars 11
Bar area (sq. in) 1.56
Sum area (sq. in) 15.6
Flexural Moment Strength
(thousand of pound—feetg) 1270.94

Note : Concrete design strength = 4,000 Ib per sq in. Steel design yield stress = 60,000 1b per sq

n.

Table 7.11 is shown that material properties of steel column used in chapter 5. These data is

used to calculate period, plastic moment and maximum resistance.

Table 7.11 : Material Properties of Steel Column Used in Chapter 5

Steel Column about Steel Column about
Measurement Weak Axis Strong Axis
(W14*500) (W14*500)
Width (in) 19.6 17
Depth (in) 17 19.6
Plastic Modulus of
Strong Axis (cu. in) j 1050
Plastic Modulus of 577 _
Weak Axis (cu. in)
Yield stress (Ib per sq. in) 29000000 29000000
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Table 7.12 : The results of Single Degree of Freedom Analysis

Results Concrete Column Steel Column with | Steel Column with
Weak Axis Strong Axis
T/ T 0.32 0.38 0.65
R/F 0.11 0.11 0.28
Required
Ductility 60 62 40
Ratio

The results of single degree of freedom analysis are shown in Table 7.12. It indicates that

required ductility ratio [5] of concrete column and steel column with weak axis is similar value

but steel column with strong axis has reduction of 35%.
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7.6. Comparison of the Murrah Building and 10 Story Building

According to The Oklahoma City Bombing [14], it is inferred that the blast was equivalent to
the detonation of 4,000 Ib of TNT at 14 ft. The blast caused the removal of nearest column
(G20) by brisance as well as the shear failure of columns G16 and G24 as shown in Figure 7.41.
With this loss of three intermediate principal columns, the transfer girder supporting the upper

portion of the building on the west side collapsed.

gm m:e | I hw, Bomb Crater! | North Face of
I ! | Radits 14 ft ! Building at the
Third and | | First Floor
Above E | | o i
iz SN Lo ao BN o ONOR JARCRL L ) e i '%L.-.@
! mcm! by S mimﬂi?‘* i '
R il | N o e e
35 | ! ; : i i T o
I ! i i i i | W s
A G L (N Qi i e Yen. UG e (o 1 48
i i ! i i i i
I ! ! !
Ao I i I I I i i
i : | i I ! I I i i
| i | o= i i
L1200 1zus lipwe L iexie Lies ieas texe ji6xis 1ows 1zue jtede (B
L G 30 e
= 20— 20— 20— 20"rt+— 20"} 20'—+{+— 20"+ = 20"+ 20'+=— 20"+

Figure 7.41 : Column Locations and Dimensions

To compare 10 story building with Murrah building, same blast loads and stand-off distance
are applied to 10 story building. The demand/capacity ratio of critical structural elements to this
loading (4,000 Ib TNT weight at 14 ft) is computed using flexible diaphragm and rigid

diaphragm analysis. As results of two analyses, the higher D/C ratios occur in columns at 1%
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floor level through both directions. In addition, the D/C ratio of longitudinal direction is higher
than that of transverse direction as shown in Figure 7.42 — Figure 7.45. It is indicated that the
diaphragm is distributing the blast loads from the front face to the other frames on the perimeter

provided it remains intact.
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(a) Demand/Capacity Ratio of Transverse Direction (Flexible Diaphragm Analysis)

Figure 7.42 : Demand/Capacity Ratio of MRF Frames (Flexible Diaphragm)
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“Figure 7.42 : Continued”
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(a) Demand/Capacity Ratio of Transverse Direction (Rigid Diaphragm Analysis)

Figure 7.43 : Demand/Capacity Ratio of MRF Frames (Rigid Diaphragm Analysis)
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“Figure 7.43 : Continued”
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(b) Demand/Capacity Ratio of Longitudinal Direction (Rigid Diaphragm Analysis)
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Figure 7.44 : Max. Demand/Capacity Ratio under Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Flexible Diaphragm Analysis)

4,000 b_14 ft
10
g L
s L
‘F L
ﬁ L
[l s | —&— Transverse Direction
z% -5~ Longitudinal Direction
4 L
3 L
2 L
1 L
I] 1 1 1 1 1 i
0 1 2 3 4 5 6
Demand/Capacity Ratio

Figure 7.45 : Max. Demand/Capacity Ratio under Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Rigid Diaphragm Analysis)
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Appendix A : Comparisons of ATBLAST and CONWEP

A.1. The Incident Pressure and Reflected Pressure of ATBLAST Program

Table A. 1 : Incident Pressure (2,000 Ib TNT Weight @ 900 ft -1,000 ft, ATBLAST)

Range | Velocity Time of Arrival Pressure Impulse Load Duration
(ft) (ft/msec) (msec) (psi) (psi-msec) (msec)
900 1.13 717.16 0.56 15.8 56.57
910 1.13 726.01 0.55 15.63 56.8
920 1.13 734.84 0.54 15.46 57.04
930 1.13 743.68 0.53 15.29 57.27
940 1.13 752.51 0.53 15.13 57.51
950 1.13 761.33 0.52 14.97 57.74
960 1.13 770.15 0.51 14.81 57.98
970 1.13 778.96 0.5 14.65 58.22
980 1.13 787.77 0.5 14.5 58.46
990 1.13 796.58 0.49 14.35 58.69

1,000 1.13 805.37 0.48 14.21 58.93

Table A. 2 : Reflected Pressure (2,000 Ib TNT Weight @ 900 ft -1,000 ft, ATBLAST)

Range (ft) Velocity Time of Arrival | Pressure Impulse Load Duration

(ft/msec) (msec) (psi) (psi-msec) (msec)
900 1.13 717.16 1.14 27.97 49.21
910 1.13 726.01 1.12 27.64 49.39
920 1.13 734.84 1.1 27.33 49.58
930 1.13 743.68 1.09 27.02 49.76
940 1.13 752.51 1.07 26.72 49.95
950 1.13 761.33 1.05 26.43 50.14
960 1.13 770.15 1.04 26.14 50.34
970 1.13 778.96 1.02 25.85 50.53
980 1.13 787.77 1.01 25.58 50.73
990 1.13 796.58 0.99 25.31 50.92
1,000 1.13 805.37 0.98 25.04 51.12
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Table A. 3 : Incident Pressure (2,000 Ib TNT Weight @ 500 ft -600 ft, ATBLAST)

Range Velocity Time of Arrival Pressure Impulse Load Duration
(ft) (ft/msec) (msec) (psi) (psi-msec) (msec)
500 1.15 364.75 1.19 28.08 47.31
510 1.15 373.4 1.16 27.55 47.58
520 1.15 382.07 1.13 27.03 47.85
530 1.15 390.76 1.1 26.54 48.11
540 1.15 399.46 1.08 26.07 48.36
550 1.15 408.17 1.05 25.61 48.61
560 1.15 416.89 1.03 25.17 48.86
570 1.15 425.62 1.01 24.74 49.1
580 1.15 434.37 0.99 24.33 49.34
590 1.15 443.12 0.97 23.93 49.58
600 1.15 451.89 0.95 23.54 49.81

Table A. 4 : Reflected Pressure (2,000 Ib TNT Weight @ 900 ft -1,000 ft, ATBLAST)

Range Velocity Time of Arrival Pressure Impulse Load Duration
(ft) (ft/msec) (msec) (psi) (psi-msec) (msec)
500 1.15 364.75 2.45 51.68 42.15
510 1.15 373.4 2.39 50.62 42.37
520 1.15 382.07 2.33 49.61 42.58
530 1.15 390.76 2.27 48.63 42.79
540 1.15 399.46 2.22 47.69 43
550 1.15 408.17 2.17 46.78 43.2
560 1.15 416.89 2.12 4591 43.39
570 1.15 425.62 2.07 45.07 43.58
580 1.15 434.37 2.02 44.26 43.77
590 1.15 443.12 1.98 43.48 43.95
600 1.15 451.89 1.94 42.72 44.13
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Table A. 5 : Incident Pressure (2,000 Ib TNT Weight @ 300 ft - 400 ft, ATBLAST)

Range Velocity (ft/msec) Time of Arrival Presspre Impulse Load Duration
(ft) (msec) (psi) (psi-msec) (msec)
300 1.19 194.72 2.32 46 39.58
310 1.19 203.08 2.22 44.57 40.14
320 1.18 211.45 2.13 43.23 40.68
330 1.18 219.83 2.04 41.96 41.18
340 1.18 228.24 1.96 40.77 41.67
350 1.18 236.65 1.88 39.64 42.13
360 1.17 245.09 1.81 38.58 42.57
370 1.17 253.53 1.75 37.57 42.99
380 1.17 262 1.69 36.61 43.4
390 1.17 270.48 1.63 35.7 43.79
400 1.17 278.97 1.58 34.84 44.17

Table A. 6 : Reflected Pressure (2,000 Ib TNT Weight @ 300 ft - 4,000 ft, ATBLAST)

Range Velocity Time of Arrival Pressure Impulse Load Duration
(ft) (ft/msec) (msec) (psi) (psi-msec) (msec)
300 1.19 194.72 4.97 88.5 35.59
310 1.19 203.08 4.74 85.47 36.07
320 1.18 211.45 4.53 82.64 36.52
330 1.18 219.83 433 79.99 36.95
340 1.18 228.24 4.15 77.5 37.36
350 1.18 236.65 3.98 75.16 37.76
360 1.17 245.09 3.83 72.96 38.13
370 1.17 253.53 3.68 70.89 38.5
380 1.17 262 3.55 68.92 38.84
390 1.17 270.48 3.42 67.06 39.18
400 1.17 278.97 3.31 65.3 39.5
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Table A. 7 : Incident Pressure (2,000 Ib TNT Weight @ 50 ft -150 ft, ATBLAST)

Range Velocity Time of Arrival|  Pressure Impulse Load Duration
(ft) (ft/msec) (msec) (psi) (psi-msec) (msec)
50 2.53 10.49 71.47 237.55 6.65
60 2.15 14.76 46.92 199.37 8.5
70 1.91 19.66 32.98 172.23 10.44
80 1.74 25.1 24.47 152.27 12.45
90 1.62 31.02 18.94 136.97 14.47
100 1.53 37.34 15.16 124.8 16.46
110 1.47 44 12.48 114.82 18.4
120 1.42 50.95 10.51 106.44 20.26
130 1.38 58.13 9.01 99.26 22.03
140 1.35 65.51 7.85 93.02 23.7
150 1.32 73.06 6.93 87.52 25.27

Table A. 8 : Reflected Pressure (2,000 Ib TNT Weight @ 50 ft -150 ft, ATBLAST)

Range Velocity (ft/msec) Time of Arrival|  Pressure Impulse Load Duration
(ft) (msec) (psi) (psi-msec) (msec)
50 2.53 10.49 316.85 687.68 4.34
60 2.15 14.76 182.03 547.87 6.02
70 1.91 19.66 114.62 453.97 7.92
80 1.74 25.1 77.72 386.84 9.95
90 1.62 31.02 55.94 336.62 12.04
100 1.53 37.34 42.23 297.71 14.1
110 1.47 44 33.15 266.71 16.09
120 1.42 50.95 26.86 241.47 17.98
130 1.38 58.13 22.33 220.54 19.75
140 1.35 65.51 18.96 202.9 214
150 1.32 73.06 16.4 187.84 2291
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A.2. Input Procedure and Reflected Pressure of CONWEP Program

1. Select types of Blast

CONVENTIONAL WEAPONS EFFECTS

MAIN MENU

SELECT FROM THE FOLLOMWING :

1. Airblast

2. Fragment penetration

3. Projectile penetration

4. Projectile path into earth
5. Shaped charge penetration
6. Cratering

7. Ground shock

8. Change weapon

9. Change units

18. Exit
Enter Selection... 1

2. Select Units and Types of Air Blast

= 4y - PR b ]

1

Lo~

Cratering
Ground shock
Change weapon
Change units
Exit

Enter Selection... 1

Use (1) U.5. or (2) 51 units? 1

AIRBLAST HMENU

SELECT FROM THE FOLLOMWING :

Aboveground detonation

Pressure attenuation in a tunnel
Internal detonation

Subsurface detonation

Loads on structures

Eeturn to main menu

Enter Selection ... 5
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3. Select of Weapon and Weight

Hane Constant Constant Egqv. Weight Egquv. Height
Bx (3) fps for Pressure for Inpulse
1. THT a.38 7688 . 1.848 1.88
2. AHFD (AnHirFuel D0il) (2) unknoun unknoun a.828 A_828
3. Composition A-3 a_22 8388 1.89 1.87
4. Composition B a_22 g8ea 1.11 A_988
5. Composition C-4 (11 a_22 8388 1.37 1.19
6. HBH-1 A.26 8188 1.17 1.16
7. H-B a._28 8688 1.38 1.15
8. Octal(75-,25) (1,21 a_22 95848 1.86 1.86
9. RD¥ (11 a.22 9388 1.14 1.89
18. Pentolite B.25 81688 1.42 1.88
11. Tritonal (1] a_22 T6BAa 1.87 A_968
12. Other

Hote: (1) - Assumed Bx = Bx for A-3
(2) - Assuned equivalent weight for inpulse =
egquivalent weight for pressure
(3) - Bx is in units of oz.*=%1,2 / in.=*x7/6
Enter selection 1

Enter weight of explosives, lb 2888

4. Direction of Target

CHARGE (USE SPHERICAL
y FREE-AIR EQUATIONS)
ER
AL .
&
RGET
-~
//;/
§r
<
~

-~

~
CHARGE <USE HEMISPHERICAL
SURFACE BURST EQUATIOMEY
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Enter standoff distance Z, feet

5. Enter Stand-off Distance

A A

-~
~" CHARGE OM GROUND

AT

VAV AV,

SURFACE AT 0,072

6. Answers of CASE1

Charge weight, b .......
Equivalent weight of TNT,
Horizontal range, feet

YIELDS

Peak pressure, psi ......
at ¥ = B .BHABE+BB feet

v = B .BAABE+BB feet
Hinimun pressure, psi ...
at X = -68 .88 feet

v = 39.688 feet
Total impulse, lb-sec ...
Average impulse, psi-nsec

(B to abort)...

978

36 36 36 9 3 3 36 3 I I I W KK WK E KK E

Press <Enter> to continue

1.823

B.1748E+B5
25.82
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7. Plot Peak Pressure of CASE 1, 2, 3 and 4

Peak Pressure Distribution

Charge Weight, Ib ........ 2088 .
THT Egquivalent, lh _...... 2868 .
Range, feet ............ 978.8
Peak Pressure, psi ....... 1.832

1.828 - 1.828
1.829 - 1.838
1.838 - 1.838
1.838 - 1.838
1.838 - 1.831
1.831 - 1.831
1.831 - 1.831
1.831 - 1.831
1.831 - 1.832
Peak Pressure Distribution

Charge Weight, Ib ........ 2088 .

THT Egquivalent, lh _...... 2868 .

Range, feet ............ 575.8

Peak Pressure, psi ....... 2.843
2.824 - 2.825
2.831 - 2.832
2.832 - 2.834
2.834 - 2.835
2.835 - 2.836
2.836 - 2.838
2.838 - 2.839
2.839 - 2.841
2.841 - 2.842
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Peak Pressure Distribution

Charge MWeight, lb ........ 2884 .
THT Equivalent, lh ....... 2888 .
Range, feet ... ......... 335.8
Peak Pressure, psi ....... 4.192

4.862
4.189
4.118
4,127
4,137
4,146
4.155
4.165
4.174
Peak Pressure Distribution

Charge Weight, b .._..... 2088 .

THT Equivalent, lh ....._. 2088 .

Range, feet ............ 123.8

Peak Pressure, psi ....... 25.05
17.96

[E - T -

18.

H71

.118
127

137

.146
155
.165

174

.183

46
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Appendix B : Demand/Capacity Ratio of 3 Story Building

B.1. Variable Stand-off Distance

CASE 1 : Moment Released
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Figure B. 1 : Demand/Capacity Ratio on Transverse MRF to Variable Stand-Off Distances
(Moment Released)
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“Figure B.1 : Continued”
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“Figure B.2 : Continued”
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“Figure B.3 : Continued”
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“Figure B.3 : Continued”
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“Figure B.4 : Continued”
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CASE 3 : Moment Fixed (Alternative Rotation)
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“Figure B.5 : Continued”
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Figure B. 6 : Demand/Capacity Ratio on Longitudinal MRF to Variable Stand-Off
Distances (Moment Fixed (Alternative Rotation))
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Figure B. 7 : Demand/Capacity Ratio on Transverse MRF to Variable TNT Weight
(Moment Released)
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CASE 2 : Moment Fixed
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Figure B. 9 : Demand/Capacity Ratio on Transverse MRF to Variable TNT Weight

(Moment Fixed)
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Figure B. 10 : Demand/Capacity Ratio on Longitudinal MRF to Variable TNT Weight
(Moment Fixed)
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Figure B. 11 : Demand/Capacity Ratio on Transverse MRF to Variable TNT Weight
(Moment Fixed (Alternative Rotation))
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“Figure B.11 : Continued”
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Figure B. 12 : Demand/Capacity Ratio on Longitudinal MRF to Variable TNT Weight

(Moment Fixed (Alternative Rotation))
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Appendix C : Calculation of Effective Thickness for Composite Slab

- O, ——————
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=
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Figure C. 1 : The dimension of Composite Slab [23]

Note : 1. Section shows non-cellular deck. Section shall be either cellular, a blend of cellular
and non-cellular deck, or non-cellular deck
2. C.G..S. = centroidal axis of full cross section of steel deck (3.64 in)
3. Cs =pitch (12 in)
4. N.A. = neutral axis of transformed composite section

5. Wr = average rib width (6 in)
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Moment of Inertia of Uncracked Section

For the uncracked moment of inertia

0.5bh* +nAd+W.d,(h—0.5d, ) C’f
Yoo = b ;
bh,+nA +Wd,
CS
=2.46 in

Yes=d -y, =118 in
The uncracked moment of inertia is

3

b’ b W, |
1 ot e [ -

s

=33.09 in*

Where

As = area of steel deck per unit slab width = 1.85 in’

b = unit slab width (12 inches in imperial units) = 24 in

d = distance from top of concrete to centroid of steel deck = 3.64 in
n = modular ratio = Es/Ec = §

Is= the moment of inertia of the full (unreduced) steel deck per unit slab width = 1.51 in*

hc=2.51n
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w; =6 in

dd:3i1’l
h=5.51n
c,=121n

Therefore, the thickness of transformed concrete is 3.5 in
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