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Abstract

The use of vehicle bombs by terrorists t@elt building structures has become of increasing
concern to structural engineers since the bomobfrige 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 hdeeeloped methods of design and analysis to
protect against blast loads. However, the behasigtructures under blast loads is difficult to
understand. Current design for air blast loadsegally uses simplified analysis procedures that
were developed in the late 1950's [19]. Moeeent modeling and computation capabilities can
readily be used to provide a more exact esenaditthe structural behavior under these extreme
loads. It has been suggested that buildingsigthed for strong ground motions will also have
improved resistance to air blast loads. Asiaitial 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 presstinee duration, and standoff distance, these
programs are used to obtain an accurate modhkddir blast loading. A hemispherical surface
burst for various explosive weights and standdtances is considered for generating the air
blast loading and determining the structueslponses. Linear and nonlinear analyses are
conducted for these loadings. Air blast demasrd¢he 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 tadktia structure has been a common type of

terrorist attack. Terror attacks against buildihgse 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 Hmast 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 produmethe nearby detonation of a conventional
weapon, combined with the localized structuresponse, results in an extremely complex
structural analysis problem. The assumptioesessary in developing a simplified analysis
procedure usually lead to overly conservatiesign 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 doearrive at every point on the structure at the

same time as shown in Figure 1.1.

Engineers in the military or their contractaesveloped 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 dgsand analysis against blast loads.
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Figure 1.1 : Blast Loads on Structure

The purpose of this research is to examinedirand nonlinear structural responses of two
buildings due to the stand-off distance and chaize In this study, blast loads were applied 3
story and 10 story buildings with welde@st moment frames that are representative of

earthquake resistant design in California.

To investigate structural behavior in diffetesonditions, 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 disptaar@s, demand/capacity ratio of columns and
floor diaphragm, drifts and plastic rotationntends. 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 1944nasre general one that was consisted of

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

Where, R is the rangey B the ambient pressure and E is the energy of charge. Sachs Law

assumes that air behaves as perfect gdgeavity 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 centéhéopoint of structure and W is the weight of

charge



1.2.2. Blast Wave Parameters

Incident Pressure

The release of energy from a detonation $etada sudden pressure increase and then the
increase is from the ambient pressure to a peak incident or shock front pregstlires(p
incident pressure is the pressure on a surface glai@the direction of the blast wave. Brode
(1955) estimated not only incident pressure tduspherical blast based on the Hopkins scaling

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

6.7 1bar (p, 10bar) G 2

Ps 5
0.975 1.455 5.85

0.019bar 0.Dbar 1ar

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

weight at the ground surface.

1
2 .
P, 6784V—\2 93 W8
R Ro© *1
Another expression of blast overpressure imkRs 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 airathkehind shock front has lower velocity. The
velocity depends on incident gure and is associated with dynamic pressure. If such a blast
wave encounters an obstacle perpendiculargalitection of wave direction, the reflection
changes the pressure to reflected pressureR@nkin and Hugoniot (1870) suggested the

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

Us
T
5 2
qS L
2(ps 7p0)

Where, W is the velocity of wavefront,sfis the overpressure, 8 the ambient of air pressure,

& Is the speed of sound in air andsjthe dynamic pressure.

Rankine and Hugoniot also derived #opiation for reflected overpressute p

7p, 4p,°
pr 2 ps <« pO pS »
—|7 pO ps 1/ 4
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Figure 1.2 : Peak Incident Pressure vs. Peak Dynamic Pressure, Particle Velocity &
Density of Air (SOURCE : Army TM5-1300, Navy NAVFAC)

Blast Wave pressure Profiles

The pressure-time history of a blast wave wasleed using exponential functions such as the
Friendlander equation. Thus, a conservagisgmation used a linear decay and neglected
negative phase.

a

t ° bt
p(t) Ps 1 —«EXP® = ¥» _
- Ts Ya Ts é

- Yo

Where pis the peak overpressure,i¥ the positive phase duration and b is the decay constant.
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Typical blast pressure profile is in shownFagure 1.3. At the arrival time following the
explosion, pressure at the position suddenly increases to a peak overprgssarer, 8mbient
pressure, £ and pressure decays to ambient pressure atdirhethen decays further to an
under pressureg§ before returning to ambient levdlost 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 chaagegdlon or very near the ground surface, such as
a vehicle bomb attack, is considered to berfasa burst. The initial wave of the explosion is
reflected and reinforced by the ground surfiacproduce 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, incidergssure, arrival time, time duration, wave
length, and the impulse of incident and reflegiesssure in terms of scaled distance. Figure 1.5
is shown that various data was given by TM5.30 addition, Figure 1.6 is shown that the
variation of the pressure and impulse pattems: reflecting surface is a function of the angle

and magnitude of the incident presswe p

For the calculation of reflected pressure, incigeessure is interpolated in Figure 1.6 and then
a coefficient ,C, is determined for the angle of incidenhis 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) buildiags designed to resist earthquake ground
shaking, based on the assumption that theycapable of extensive yielding and inelastic
deformation. This building system wasskd 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 buildietgils 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 medeck diaphragm. The building plane is 180*120’and divided
into 30-feet bays in each direction, six in tbegitudinal direction anébur in the transverse
direction. The lateral force resisting systémsach 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 columnsaaseimed to be fixed. Concrete grade beams at
the foundation level are utilized to resist thennemts 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 thé'Hloor and 18’ for the % floor. The plane is

square in shape with the main roof and the sdimension of typical roof in Figure 2.6. The

floor was also consisted of concrete ovetahdeck diaphragm. The building plane is
150*150’and divided into 30-feet bays in eachedtion, 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 buildingmeter. The remainder of the steel framing is
provided for gravity loads. The base of the frasokumns are designed fixed. Figure 2.7 and
Figure 2.8 show details of WSMF frames as waslFigure 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 aedMelded 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 viewshaf computer model of 3 story building and 10
story building. The floor is assumed to be rigidts plane due to beonsisted of a concrete
metal deck diaphragm. The infill beams are not specifically included in the computer model
using SAP2000 FEM Software. The base restraas assumed to be the fixed condition and

the concrete over metal deck floor was assutodxt 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 pressurd-igure 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 psirmsvn 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 reflectezspure obtained by CONWEP is 1.0 psi shown in
Figure 3.3. Thus, these programs are able to geondliable results. In Table 3.1, the incident

and reflected pressure have good ageremof four cases at 2,000 |b TNT.

Explosives Environment ‘

Net Explesive Weight (lhs-TNT)

&

]

F4 | | | |

% g 500 i / 7
= i '

£ B g

W it I

= 8 1,000 :
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5= g / / 3
= -E I ; T |

% - 1 / .

& Sk l o

Z 3 i = =

o [ / . . / |
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p o_|-==7="_"—' Ll . .
=] 0 100 1,000 10,000 100,000
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g

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

8 ATBLAST ATBLAST CONWEP
Case Range (ft Incident . Reflected _ Reflected .
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 theediion of the wave’s travel, it is reflected and
reinforced, producing what is known as reflegbeessure. The reflected pressure is always
greater than the incident pressure at the gdigtance from the explosion. When the shock
wave impinges on a surface that is perpendicul#iraalirection it is traveling, the point of
impact will experience the maximum reflectedgzere [10]. Therefore, reflected pressure is
used in the analysis. The incident pressuakraflected 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 pealeotdld pressure (Pr) and time duration (td) at a
given distance. Prior to obtaining peak pressume time duration, the type of blast, weapon,
direction of target and stand-off distaneere selected as given conditions. The input

procedures of CONWEP program is shown ppAndix A.2. Table 3.2 shows input data and

Table 3.3 shows peak reflected pressurg tithe duration ) and time of arrival ) 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 15Atso, time history functions were defined to

input data for SAP2000 FEM software [21] usthgse 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 EH an |16
i LY 7 15
CA LS & 14
/
A
& sy § =
[1] (1] [1] (1]

Figure 3.4 : Front Frame (Transverse Direction)
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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 yialtl @uantity 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 convemai weapons effects on structure (CONWEP). In
Murrah Building, the detonation of TNT weight westimated to be approximately 4,000 Ib at
4.5 ft above 18 in thick pavement on soil whiekulted 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
CONWEP. As shown in Table 3.4, the predintof crater dimension using CONWEP provides

confidence due to its close approximation to tleasured dimension. Therefore, this study was
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used methods of CONWEP to calculate the dinoensf the expected crater for all cases. The
results of CONWEP are shown in Figure 3.&dh 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
(ft) (ft) (ft)
Measured at Murrah Bld(g 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 Soill
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Chapter 4 : Analyses of Models of Three Story Building

A three dimensional analytical model of thilding is developed and the magnitude and
distribution of blast loads on the structure astimated using available computer software

based on empirical methods. To obtain the matatiip 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 ingds represented by an acceleration record

obtained during the Northridge earthquake (1994)hikchapter, various air blast loads and
stand-off distances are applied to a three dtailgling. 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 pinnedrection, beams with welded connection, and

alternative orientation of the column axes witblded 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 deghranalysis 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 standdifitance, this study assumes an explosive weight
of 1,000 Ib TNT. The reflected overpressure afatale stand-off distances is shown in Figure
4.1. These pressures are obtained by ATBLASI@m. In this study, stand-off distance is
assumed over 15, 30, 50 and 100 ft. The respon@sdyme 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]

G

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 Ib 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 Figdr@ applied 1,000 Ib 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

| |
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 (Ib) 1,000
Depth of Burial (ft) -3
Depth (ft) 5.186
Radius (ft) 9.43
Window Breakage Range (ft) 1220
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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 reflettoy 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 duratiod peak reflected pressure on front frame of the
structure. Results of using the CONWEP pamgrare summarized for each case in Table 4.2 -

4.9. Using these results, reflected pressacetane 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 weighpinges on a structure, a higher pressure is
developed, termed the reflected pressure. ddiculated (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, #iteyor 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) ia tipper 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
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2897 - 2394
2394 - 2698
2698 - 2986
2986 - 3283
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INT Equivalent, Lb ....... 1668 .
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Durations are in msec

2.865 - 4.169

G

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
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Peak Pressure Distributio
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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
veig | 80 -45 -30 -15 0 15 30 45 60
(f)
0.0 31.39| 60.31] 199.90 1630.00 4172.00 1630D.00 199.90 6P.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, 156.5p 816.40 1789.00 816.40 156.50 55.00 J0.01
19.5 28.46| 49.47/ 120.80 400.50 859,20 40050 120.80 49.47 748.46
26.0 26.55| 42.86] 86.30 199.60 32440 199,60 86/30 42.86 26.55
325 24.47| 36.70, 62.7% 120.70 159.20 120,70 6275 36.70 24.47
39.0 22.43| 3185 49.08 7356 9183 73.55 49/08 31.85 2p.43
Table 4.3 : Reflected Pressure with 1,000 Ib TNT Blast at 30 ft Stand-Off (psi)
Width
Heigh | 60 | -45 30 | -15 0 15 30 45 60
()]
0.0 34.77| 62.41| 1945 478 731.1 478 1945 6241 34.77
6.5 34.34| 60.69| 1815 448|]1 6607 448.1 1815 60.69 3§.34
13.0 | 33.12| 56.23| 149.6 3724 522.8 3724 1496 56.23 3B.12
195 | 31.55| 50.57| 112.4 3199 379,77 3199 1126 50.57 3|L.55
26.0 | 29.67| 45.72] 85.19 1942 3062 194.2 85|19 45.72 2p.67
325 27.5 40.73 65.34 112|5 1521 1125 65/34 40.73 47.5
39.0 | 25.18/ 35.32 50.2| 7549 88.79 7549 50.2 3532 2%.18
Table 4.4 : Reflected Pressure with 1,000 Ib TNT Blast at 50 ft Stand-Off (psi)
Width
eigh | 80 | -45 | -30 | -15 0 15 30 45 60
()
0.0 41.13| 7157 91.4Q0 129.80 156.80 12980 91,40 71.57 41.13
6.5 40.64| 7151 89.87 126.10 148.60 126{10 89,87 7151 4p.64
13.0 39.20| 68.09] 85.67 116.60 13510 116,60 8567 68.09 39.20
19.5 36.97| 61.000 80.15 103.90 117.50 10390 8015 61.00 36.97
26.0 34.17 54.47 74.83 91.36 100.60 91.86 7483 54.47 3p.17
32.5 31.45| 48.03 7187 80.12 86.07 80.12 71/87 48.03 3L.45
39.0 28.55| 41.78 60.48 7351 75.14 7351 6048 41.78 2B.55
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Table 4.5 : Reflected Pressure with 1,000 Ib TNT Blast at 100 ft Stand-Off (psi)

Width
(v
Height -60 -45 -30 -15 0 15 30 45 60
()
0.0 16.76| 19.16| 21.41 23.0b 23.66 23.05 2141 19.16  1$.76
6.5 16.70| 19.09| 21.31 2294 2354 2294 2131 19.09 1$.70
13.0 16.54| 1887, 21.03 2261 23.20 2261 2103 1887 1p.54
19.5 16.28| 18.52] 20.59 22.0p0 22.65 22.p09 20|59 1852 1p.28
26.0 1592 18.04) 19.99 214p 21.92 21.40 19|99 18.04 1p.92
325 1549 17.47) 19.29 2058 21.06 20.5b8 19|29 17.47 1b.49
39.0 14.99| 16.83] 18.49 19.6f 20.10 19.67 18)49 14.83 1$1.99
Table 4.6 : Time Duration with 1,000lb TNT Blast at 15 ft Stand-Off (msec)
Width
veigh | -60.00 | -45.00 -30.00 -15.00 0.00 1500 30.00 4500  6(.00
()
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.y6 16,86 15.69 1Y.76
19.5 18.28| 15.80, 16.43 16.24 12.27 16.24 16j43 1580 18.28
26.0 19.06| 16.04f 1591 17.04 16.63 17.04 1591 16.04 19.06
325 | 20.05| 16.48 1566 16.4p 16.88 16.42 15|66 16.48 2p.05
39.0 21.12 17.27 15.81 15.74 15.98 15.74 15/81 17.27 21L.12
Table 4.7 : Time Duration with 1,000lb TNT Blast at 30 ft Stand-Off (msec)
Width
(ft)
Height -60 -45 -30 -15 0 15 30 45 60
(v
0.0 19.06| 16.04| 15.91 17.04 16.62 17.04 1591 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 1574 16.86 17.03 16.86 1574 18.22 19.52
19.5 20.05| 16.48] 15.66 1643 16.88 16.43 1566 16.48 2p.05
26.0 20.81| 16.95 15.71 1591 16.28 1591 15/71 16495 2p.81
32.5 21.48| 17.73] 1597 1566 15.75 1566 1597 171.73 2].48
39.0 22.21| 18.92 16.5( 1581 15.49 1581 1650 1892 2p.21
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Table 4.8 : Time Duration with 1,000lb TNT Blast at 50 ft Stand-Off (msec)

Width
(f)

Height 60 | -45 | -30 | -15 0 15 30 45 60

(ft)
0.0 22.33| 19.13| 16.62 158y 1573 1587 1662 1913 22.33
6.5 22.39| 19.24| 16.68 1590 15.75 1590 1668 19.24 22.39
13.0 22.57| 19.58] 16.89 16.00 15.83 16.01 16/89 19.58 2p.57
19.5 22.86| 20.29] 17.29 16.283 16.00 16.23 17/29 20.29 2P.86
26.0 23.24| 20.86] 17.95 16.62 16.31 16.62 17/95 20.86 2B.24
32.5 23.69| 21.52| 1894 17.2p 16.87 17.29 18/94 2152 2B.69
39.0 24.20| 2225 2032 1838 17.82 18.38 20,32 22.25 2§4.20

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

ft

veigh) | 60 | -45 | -30 | -15 0 15 30 45 60

(ft)
0.0 28.17| 2741 26.78§ 26.3b 26.20 26.85 26,78 2741 28.17
6.5 28.19| 27.43] 2680 2638 2623 2638 26/80 27.43 28.19
13.0 28.25| 27.50 26.88 2646 26.31 26.46 26/88 2750 28.25
19.5 28.34| 27.61 27.0C 26.6D 26.45 26.60 27/00 27.61 28.34
26.0 28.46| 27.75 2717 26.78 26.64 26.Yy8 27/]17 271.75 28.46
32.5 28.62| 27.94) 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 reflectesspre 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 additioa cibnstraint of joints are divided into three

parts : case 1 is beam with pinned connectiase 2 is beam with welded connection, and case

3 is alternative orientation of the column aeth welded connection in shown as Figure 4.7 —

Figure 4.12.
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CASE 1 : Beams with Pinned Connection

Longitudinal Direction

= H—H —H—X
-—F-FT-F-T T ¢
E Location of Bomb

= e | B8
-E+-F-F-F-F-% |°¢

| |

H-H—H—H—H HH

Figure 4.7 : Orientation of the Column (CASE 1)

: ' & -G

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

H

Longitudinal Direction
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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 ofédhColumn Axes with Welded Connection

Longitudinal Direction

Location of Bomb

~H—h——n
*
*
*
"
*
"

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 abtained by each case. The cases of different
condition are shown : case 1 indicates jointeeHzeams pinned connection (moment released)
with normal column distribution, case 2 indtes joints have beams welded connection
(moment fixed) with normal column distributi@md case 3 shows that joints have alternative
orientation of the column axes with weldezhoection (moment fixed and alternative column
distribution). All cases applied a loading conditifri,000 Ib TNT explosive weight at 15 ft, 30
ft, 50 ft, and 100 ft. The results of case 1, casad 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
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“Figure 4.13 : Continued”

________ 1st FL, - 2nd F.. — 3rd FL.

Displacement (in)
(=]

Time (sec) G

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

CASE 2 : Beams with Welded Connection (Moment Fixed)

........... 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)
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“Figure 4.14 : Continued”

.............. 2nd FL —— 3rd FL.

Displacement (in)

Time (sec)

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

_______ lst FL 21“1 FL —_ 3111 FL

Displacement (in)

Time (sec)

(c) 1,000 Ib TNT Weight at 50 ft Stand-Off
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“Figure 4.14 : Continued”
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(d) 1,000 Ib TNT Weight at 100 ft Stand-Off
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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 Ib 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)

50



“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/capaaiiy of all frames shown in Appendix

B.1. These values are obtained by combinaticteaid 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 ddfoogle value and value of analysis using

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

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

CASE Time(sec (kipl\)/lc,tiin) (kipg/l-inn) R Demalggiicc:)apacit) Status
1,000 Ib_15 ft 0.075 44196.30 13680 3.23 over sfress
1,000 Ib_30 ft 0.08 26148.06 13680 1.91 over sfress
1,000 Ib_50 ft 0.1 11597.19 13680 0.85 OK
1,000 Ib_100 ft 0.135 4208.96 13680 0.31 OK

wherg ) 09, M, ME"Z ~
F.  Yield Stress 50 Kksi

y

Z, Plastic Section Modulus

4.1.4.Summary

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

of 1.8in, 1.49 in and 1.38 in is at the ré@fel for respective case and occurs at 0.3 seconds.
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—4— Moment Release -8 Alternative —& Moment Fixed

Story

0 : L .
0 2 4 6 8 10 12
Deflection(in)
(a) 1,000 Ib Weight at 15 ft Stand-off
—+- Moment Release —&- Alternative —&— Moment Fixed
3 -
2 =
>
2
7]
1 L
0 . . . . .
0 1 2 3 4 5 6 7
Deflection(in)

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

Figure 4.16 : Maximum Deflection on Each Floor to Variable Stand-Off Distance
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“Figure 4.16 : Continued”
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(d) 1,000 Ib Weight at 100 ft Stand-off
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Based on maximum displacements, interstbifts are shown in Figure 4.17. The code

limitation of drift ratio based on UBC’97 is 0.@&d 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 shdaddsustained 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 Ib 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 Ib 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 loonns 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 slkeanfor two of the blast conditions (c,d) the

D/C demands are all less than unity indicagtagtic behavior. The two blast conditions (a,b)
with the shortest standoff result in D/C demagd=ater 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 Ib Weight at 15 ft Stand-off

Figure 4.18 : Demand/Capacity Ratio to Vaable Stand-Off Distance on Transverse MRF

57



“Figure 4.18 : Continued”

—4— Moment Release —- Alternative  —k— Moment Fived
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(b) 1,000 Ib Weight at 30 ft Stand-off

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

Story

0 0.5 1
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(c) 1,000 Ib Weight at 50 ft Stand-off
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“Figure 4.18 : Continued”

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

Story

0 0.s
Demand/Capacity Ratio

(d) 1,000 Ib Weight at 100 ft Stand-off (Transverse Direction)
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—4— Moment Release -8 Alternative —&— Moment Fixed

Story

0 0.5 1 1.5 2 25 3 3.5 4
Demand/Capacity Ratio

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

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

Story

0 0.5 1 15 2 25
Demand/Capacity Ratio

(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 stuid assumed explosive weight is 100 Ib, 500 Ib,
1,000 Ib, and 2,000 Ib at stand-off 20 ft. A saeém 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 Tqi Tar Incident pressureg  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 3602.44

Where, T, : Time of arrival, T : Time duration of incident pressure, TTime of duration of

reflected pressure

4.2.1. Crater

To investigate dimension of crater, CONWEP caoiep 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

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

Originvat ~ ~ ~ N~~~ S~~~ T T T T T T T T T
Ground
Surface

True Crater

G
Figure 4.20 : Dimension of Crater with 2,000 Ib TNT Weight
Table 4.12 : Results of CONWEP in Variable TNT with Dry Sandy Clay
Ch?‘rge Depth of Burial Depth Diameter Breakage
weight (ft) () (ft) range
(Ib) (f)
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, 1,00@iw 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 useduFa 4.21 - Figure 4.24 ev 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

G

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

L~

-48

-28 a 28 418 68

o
=
-
0 S b =

G

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

G

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

Charge HWeight, Ib ........ 2088 ,
THT Equivalent, Ib ....... 20688 .
Range, feet ............ 20.88
Peak Pressure, psi ....... 3689.

[ye]
w
M
-
|
tn
n
=L
o

Positive Phase Duratioms

Charge Height, b ._...... 2680608 .

INT Equivalent, b ....... 26868,

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

G

Figure 4.24 : Distribution of Peak Reflected Pressure and Time Duration 2,000 Ib TNT
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Table 4.13 : Reflected Pressure with 100 Ib TNT Blast At 20 ft Stand-Off (psi)

Width
weigh” | -60 -45 -30 -15 0 15 30 45 60
(f
0.0 | 9.693| 1579 3293 1158 248)5 1158 32/93 1579 9]693
6.5 | 9.587| 1554/ 31.39 1138 199]9 1138 3139 1554 9|587
130 | 9.282| 14.83 27.95 77.1f 1297 77.07 27/95 14.83 9|82
195 | 8.809| 13.74) 23.46 48.82 80.3 48.82 2346 13.74 8|809
26.0 | 8.298| 1246 19.01 32.80 4325 32.89 19/01 1346 8298
325 | 7.787| 11.16| 16.2] 23.44 2827 2344 162 11116 7[787
39.0 | 7.222| 9.83| 1366 17§ 197 175 1366 983  7.p22
Table 4.14 : Reflected Pressure with 500 Ib TNT Blast At 20 ft Stand-Off (psi)
Width
veigh ) | 60 | -45 | -30 | -15 0 15 30 45 60
(f)
0.0 | 21.58| 37.67| 99.77 5348 1177 5348 9977 3767 2].58
65 | 21.36| 37 | 9367 5164 9718 5164 9367 37 2136
130 | 2071 3513 78.77 353JF 6111 3537 78[77 3513 2p.71
195 | 19.72| 32.37] 624 1843 372[3 1843 624 3237 19.72
260 | 1851| 28.68 48.16 99.6 1535 99.62 48|16 2§.68 1§.51
325 | 16.98| 24.94 388 62.3% 80.05 62.34 388 2494 16.98
39.0 | 15.39| 21.88] 3218 427 5041 427 32718 2188 1%.39

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

Width
qeight | -80.00 | -45.00 -30.0Q -1500 0.00  15.00 30.00 4500  6(.00
()
00 | 3241| 6077/ 2093 9858 2109 9858 209.3 6077 3p.41
65 | 3203 59.35] 1924 9352 176p 9352 1928 5935 3p.03
130 | 30.91| 5541 1586 7465 1128 74645 1586 5541 3p.91
195 | 29.16] 4981 1208 4107 7736 4107 1205 4981 2p.16
260 | 26.97| 43.36] 8521 2088 344/t 20d8 8521 4336 2p.97
325 | 2479 3769 6323 1208 161/5 1293 6323 3769 2h.79
39.0 | 22.74| 32.91] 4943 7197 905 7197 4943 3291 2p.74
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Table 4.16 : Reflected Pressure with 2,000 Ib TNT Blast At 20 ft Stand-Off (psi)

Width
veighe | 60.00| -45.00 -30.00 -15.00 0.00 1500 30.00 4500  6(.00
(f)
0.00 | 52.95| 121.7| 4647 1704 3689 1704 4647 1217 5p.95
650 | 52.25| 118.1] 4261 1603 3003 1603 426.1 1181 5p.25
13.00 | 50.24| 107.9 3361 1420 1970 1420 3361 107.9 5p.24
1950 | 47.2| 9271 2442 8623 1464 8623 2442 9371 47.2
26.00 | 43.48| 7653 173.7 4637 7315 4637 17B7 7653 4p.48
3250 | 39.16| 6324 127.8 2439 3437 2439 12§.8 6324 3p.16
39.00 | 35.12| 5383 9173 1499 1835 1499 91|73 53.88 3p.12
Table 4.17 : Time Duration with 100 Ib TNT Blast at 20 ft Stand-Off (msec)
Width
veigh ) | 60 | -45 | -30 | -15 0 15 30 45 60
(f)
00 | 13.91| 1253 1037 7438 7.353 7.433 1032 1253 1391
65 | 13.94| 1258 104§ 7528 7.285 7.528 1045 1258 1$.94
13.0 | 1401 1273 1081 7.93p 7.337 7989 1081 1273 1401
195 | 14.14| 1295 11.32 9.055 7.884 9.055 11/32 1295 1§.14
26.0 | 14.31| 13.23] 11.84 10.3p 9498 10.82 11/88 1323 1431
325 | 145 | 1355 1244 1132 1048 11.82 1244 1355 a5
390.0 | 14.72| 13.87] 1297 1215 1148 1215 1297 1387 1472
Table 4.18 : Time Duration with 500 Ib TNT Blast at 20 ft Stand-Off (msec)
Width
veight ) | 60 | -45 | -30 | -15 0 15 30 45 60
(f)
0.0 18 | 13.84| 1245 1343 1058 1343 1245 13184 18
6.5 | 18.08| 13.95 1244 1351 1177 1351 12444 1395 1$.08
13.0 | 18.29| 1433 1243 1343 130 1343 12443 1433 1§.29
195 | 1862 15.03 1256 1289 1345 1289 12|56 15.03 1B.62
26.0 | 19.04| 1613 12.91 1245 1243 1245 12/91 16.13 1p.04
325 | 19.53| 17.01] 1366 1256 1243 1256 1366 17.01 1P.53
39.0 | 20.05| 17.91] 1504 132 12.83 132 1508 1791 20.05
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Table 4.19 : Time Duration with 1,000 Ib TNT Blast at 20 ft Stand-Off (msec)

Width
veighe | 60.00| -45.00 -30.00 -15.0p 0.00 1500 30.00 4500  6(.00
(f)
00 | 17.77| 1569 16.85 1297 6.096 1297 1685 1569 1f.77
65 | 17.87| 1571 1677 1400 7.173 14.09 16j77 1571 1f.87
130 | 18.18] 1578 165 1597 11.d3 1597 165 1578 18.18
195 | 18.74] 1593 16.09 1694 1585 1694 16/09 1593 1B.74
26.0 | 1954| 1622 1574 1685 1743 16.85 1574 1622 1p.54
325 | 2058| 16.75) 1567 16.00 1653 16.09 1567 16.75 2p.58
39.0 | 21.42| 1765 1594 1566 1578 1566 1594 17.65 2].42

Table 4.20 : Time Duration with 2,000 Ib TNT Blast at 20 ft Stand-Off (msec)

Width

veight | -60.00 | -45.00( -30.00 -15.00 0.00 1500 30.00 4500  6(.00
(f)
000 | 19.83| 20.64 2037 7.491 4073 7.491 2037 2064 1P.83
650 | 19.84| 2057 2059 8316 4589 8316 20/59 20.57 1p.84
13.00 [ 199 | 2037 2107 11.1p 6485 1112 21j07 2037 19.9
1950 | 20.02] 20.1| 2144 1672 1049 1642 2144 20.1  20.02
26.00 | 20.23| 19.85 21.34 2037 18.07 2087 21|34 19.85 2p.23
3250 | 2057 19.73 2075 2144 21.03 2144 2075 19.73 2P.57
39.00 | 21.09| 19.8| 2008 211 214 211 2008 198 21.09

When blast with 100 Ib, 500 Ib, 1,000 Ib, 2,000 Ib TNT weight at 20 ft stand-off distance
impinges on a structure, a higher pressureveldped, termed the reflected pressure. The
calculated (CONWEP) peak overpressures on the framte are shown in Figure 4.21 — Figure
4.24 These range from a maximum of 248.5 psi (100 Ib), 1177 psi (500 Ib), 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 Ib),

15.39 psi (500 Ib), 22.74 psi (1,000 Ib), 35.12 psi (2,000 Ib) at the upper west/east corner.

70



While these pressures are extremely large, theforetlimited duration, as shown in Figure 4.

21 — Figure 4.24. The duration ranges from a maximum of 14.72 msec (100 Ib), 20.05 msec
(500 Ib), 21.42 msec (1,000 Ib), 21.09 msec (2,000 Ib) in the upper west/east corner to a
minimum of 7.35 msec (100 Ib), 10.58 msec (500 Ib), 6.09 msec (1,000 Ib), 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 reflectesspre 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. Dynartiime 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 withedéht rotation of columns as previous chapter.

71



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.

08
0.6

0.2 i

Displacement (in)

02

04

0.6 F

-08 -

Time (sec)

(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)

74



“Figure 4.26 : Continued”
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(c) 1,000 Ib TNT Weight at 20 ft Stand-Off
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(d) 2,000 Ib TNT Weight at 20 ft Stand-Off
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CASE 3 : Moment Fixed (Alternative Rotation)

------- Ist FL - 2nd F. — 3rd FL

Displacement (in)

08 L
Time (sec)

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

w31 FL —— 31d FL

Displaement (in)

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

Figure 4.27 : Linear Dynamic Time History to Variable TNT Weight (Moment Fixed
(Alternative Rotation))



“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 LREBsign code shows demacaipacity ratio of all frame.
These values are obtained by combinatiodezd load, live load and blast loads. All
Demand/Capacity ratio of each frame againstieppoads shows in appendix B. As a result,
critical column was found at closest distancélast source. The moments were compared by
defined code value with value of analys@ng 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 -(rslg]f) (kig/lslfin) 8 &ig;-in) Demand/capacity ratjo  Statu$
100 Ib_20 ft 0.08 3253.1 13680 0.24 Ok
500 Ib_20 ft 0.07 18435.7 13680 1.35 over sfress
1,000 Ib_20 ft 0.075 40686 13680 2.97 over sfress
2,000 1b_20ft 0.075 70498 13680 5.15 over sfress
where ) 09, M, ME"Z ~

F_ Yield Stress 50 ksi

y

Z, Plastic Section Modulus

4.2.4. Summary

As results of dynamic time history analysis wdifferent joint constraint and column rotation,
maximum deflections are shoumFigure 4.28 for each case. As might be expected, the
maximum deflection occurs for the 2,000 TNT gidi @ 20 ft standoff distance. The maximum
displacement is 20.2 in 17.5 in and 16.33 in atrtof 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 ithatroof level for respective case and occurs at

0.2 seconds.
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(a) 100 Ib TNT Weight at 20 ft Stand-off
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0 05 1 15 2 25 3 35 4 45 5
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(b) 500 Ib TNT Weight at 20 ft Stand-off
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, interstbifts are shown in Figure 4.29. The code
limitation of drift ratio for seismic load bade®n UBC 97 is 0.02 and the responses of all
conditions satisfy this loading with the extiep 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 weldedrections. The 2,000 Ib explosive @ 20 ft has

a drift of 0.055 at the roof and 0.045 at the fitsiry. 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
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”

—+— Moment Release = —8— Alternative —&— Moment Fixed - - MaxD.I.
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1 x
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0 0.005 0.01 0.015 0.02 0.025
Drift Index

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

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

Story

0 0.005 0.01 0.015 0.02 0.025 0.03
Drift Index

(c) 1,000 Ib TNT Weight at 20 ft Stand-off
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“Figure 4.29 : Continued”

—4— Moment Release = —8— Alternative = —&— Moment Fixed - - MaxD.L
3 S

Story

0 0.01 0.02 0.03 0.04 0.05 0.06
Drift Index G

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

The maximum D/C ratios for ttalumns under explosive weights of 100 Ib, 500 Ib, 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 indicatmgjastic behavior and the use of a nonlinear
analysis. In the longitudinal frame, the 500 Ib 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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—— Moment Release 8- Alternative  —&— Moment Fixed

Story

0 0.5 1
Demand/Capacity Ratio

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

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

Story

Demand/Capacity Ratio

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

Figure 4.30 : Demand/Capacity Ratio to Variable TNT Weight on Transverse MRF
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“Figure 4.30 : Continued”

—4— Moment Release 8- Alternative —&— Moment Fived
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(c) 1,000 Ib TNT Weight at 20 ft Stand-off

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

Story

0 0.s 1 15 2 2.5 3 35 4 45 5
Demand/Capacity Ratio G

(d) 2,000 Ib TNT Weight at 20 ft Stand-off
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—— Moment Release -8 Alternative —d— Moment Fixed

Story

0 0.5 1
Demand/Capacity Ratio

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

—4— Moment Release —B- Alternative —k— Moment Fixed

(8]

Story

L

0 0.5 1 15
Demand/Capacity Ratio

(b) 500 Ib TNT Weight at 20 ft Stand-off
Figure 4.31 : Demand/Capacity Ratio to Variable TNT Weight on Longitudinal MRF
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“Figure 4.31 : Continued”
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(c) 1,000 Ib TNT Weight at 20 ft Stand-off

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

Story

0 1 2 3 4 5 [ 7
Demand/Capacity Ratio

(d) 2,000 Ib TNT Weight at 20 ft Stand-off (Longitudinal Direction)
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4.3. Diaphragm Analysis of Using Shi Elements of 3 Story Building

4.3.1. Flexible Diaphragm Analysis

The floor diaphragms in the structure are oftesuaned to be rigid in their plane. However, they
can also be represented by flexible diaphragsulting 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 thetltegling 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 db gre 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 &@s Figure 4.32 for typical longitudinal frame.
Table 4.23 — 4.30 and Figure 4.33 — 4.40 shomparison of developed shear force and
bending moment with capacity of each momesistance 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 begdnoments of Moment Resistant Frame are

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

F, 2.~

n y X

Moment Capacity : /M

Shear Capacity : &, 0.9 0.6/, A,

Where, F : yielding stress of section
Zy : 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 capacigtisnated 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 Numbersand 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)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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)
500Th_20ft

O Developed Shear Force (kips/in)
O Shear Strength (kips/in)
1300
1600
1400
1200
1000
800

600

400

PN 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

G

Figure 4.33 : Developed Shear Force vs. She@apacity of Flexible Diaphragm (500 |b @
20 ft)

90



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

1800
1600 |
1400 +
1200
1000

800 -

ML

600

400

200

Frame No. Frame Section Shear Force Shear Strength
(V) (Vo)
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)
1000Th_20ft

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

|

.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
G

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

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

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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
T igth (kips/in)

1600
1400
1200 ] = 78]
1000
800 -
600 -
400

200

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

7 3 9 10 11 12 13 14 15 16 17 13 G

Figure 4.35 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (2,000 Ib
@ 20 ft)
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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) (1Vn)
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)
3000Th_20ft

E Developed Shear Force (kips/in)

O Shear Strength (kips/in)
1300

1600 = [
1400
1200
1000
300 |
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400
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Figure 4.36 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (3,000 Ib
@ 20 ft)
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Table 4.27 : Max. Bending Moment at MRF Frames (500 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (1Mn)

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)

s00lb 20ft O Developed Bending Moment (kips-in)

O Moment Capacity (kips-in)
160000

140000
120000
100000
80000 -
60000 -

40000 -

L L L

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

G

Figure 4.37 : Developed Bending Moment vs. Moment Capacity of Flexible Diaphragm
(500 Ib @ 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) (IMn)
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)
10001 20ft @ Developed Bending Moment (kips-in)

O Moment Capacity (kips-in)
160000 -

140000
120000 -
100000
80000 -
60000 -

40000

“Luphohbokbo

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

G

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) (IMn)

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 W14*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

30000 =
60000

g

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
1 8 9 10 11 12 13 14 15 16 17 18

G

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) (IMn)
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 B ==
120000
100000
50000
60000 —

40000

gl RN 1A

Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame Frame
1 8 9 10 11 12 13 14 15 16 17 18

G

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 concsletle is provided by followed equations from
ACI 318 [1]. In these equations, the effective khiess of concrete is assumed 3.5 in as shown

in Appendix C and steel ratio is less than 0.01. Alss4,000 psi and, fis 60,000 psi.

M bd?

n

Moment Capacity : /K, 12,000
k, / /0 B59 %.Z ¥ U3,

Shear Capacity : N, 2\/fi b,d
Where, b : width of concrete slab
d : depth of concrete slab
Z: mechanical reinforcement ratio

U steel ratio

Hence, the moment capacity is calculated as®2#-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”

(b) Shear Force Distribution at*Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 4.41 : Continued”

(c) Shear Force Distribution at' Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 4.41 : Continued”

(d) 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 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”
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(b) Moment Distribution at™¥ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 4.42 : Continued”
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(c) Moment Distribution at'3Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 4.42 : Continued”
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(d) Moment Distribution at Roof (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

106



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 Ib_20 ft 3 34.815 212.5 0.801 0.76
2nd 26.720 212.5 0.680 0.76
Roof 102.661 212.5 2.323 0.76
1,000 Ib_20 ft 3 78.162 2125 1.793 0.76
2" 60.102 2125 1.520 0.76
Roof 202.027 212.5 4,555 0.76
2,000 Ib_20 ft 3 157.417 212.5 3.434 0.76
2nd 119.508 212.5 2.868 0.76
Roof 270.985 212.5 6.092 0.76
3,000 Ib_20 ft 3 215.120 2125 4,501 0.76
2" 161.779 | 2125 3.709 0.76

----- Moment Capacity (k-in)
—— 3000b_20ft (k-in)

—&— 2000b_20ft (k-in)

—a— 1000b_20ft (k-in)

—#— 500Ib_20ft (k-in)

Story

] s 100 150 200 250 300

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

Figure 4.43 : Developed Bending Moment vs. Moent Capacity of Concrete Slab Based on
Flexible Diaphragm Analysis
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2+
----- Shear Capacity (l/in)
i —=— 3000 _20ft (k/in)
g —&— 2000 _20ft (k/in)
“ —s—1000Ib_20ft (k/in)
—— 500Ih_20ft (k/in)
1+
0
0 1 2 3 4 5 6 7

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 sysiemell 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 Momersif@nt 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 aneimber 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 Numbersnd 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)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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)
500>_20ft

@ Developed Shear Force (kips/in)

O Shear Strength (kips/in)
1800
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Figure 4.46 : Developed Shear Force vs. Shear Capacity of Rigid Diaphragm (500 Ib @ 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

400

200

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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)
1000I>_20ft

L1

|

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

1R

L1
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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)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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

@ Developed Shear Force (kips/in)

O Shear Strength (kips/in
T ngth (kips/in)

1600
1400
1200
1000
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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)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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 11715 522.5
17 W14*257 494.9 522.5
18 W14*257 940.0 522.5
(unit : k/in)
3000Th_20ft

E Developed Shear Force (kips/in)

O Shear Strength (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 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Bending Moment Moment Capacity
(Mu) (1Mn)

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)

00l 20ft @ Developed Bending Moment (kips-in)

O Moment Capacity (kips-in)
160000

140000
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60000
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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) (1Mn)
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)
10000 20ft @A Developed Bending Moment (kips-in)

O Moment Capacity (kips-in)
160000

140000
120000
100000
50000
60000
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Figure 4.51 : Developed Bending Momenis. Moment Capacity of Rigid Diaphragm
(1,000 Ib @ 20 ft)
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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) (1Mn)
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

s0000

60000

=l e e e
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Figure 4.52 : Developed Bending Momenis. Moment Capacity of Rigid Diaphragm
(2,000 Ib @ 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) (1Mn)
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 - =1 - =
120000 -
100000 *
80000
60000 — =
40000 +
=LA MO A
I] L 1 1 . L L 1 1 L o L 1 5 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 G

Figure 4.53 : Developed Bending Momenis. 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™¥ 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'3Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

120



“Figure 4.54 : Continued”
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(d) Moment Distribution at Roof (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

121



Table 4.40 : The Results of Rigid Diaphragm Analysis

Rigid Diaphragm
CASE Story Developed | Moment
Moment Capacity
(k-in) (k-in)
Roof 45.319 212.5
500 Ib_20 ft 3 34.562 212.5
2nd 26.472 212.5
Roof 101.587 212.5
1,000 Ib_20 ft 3 77.611 2125
2nd 59.525 2125
Roof 199.913 212.5
2,000 Ib_20 ft 3 156.265 212.5
2nd 118.391 212.5
Roof 268.192 212.5
3,000 Ib_20 ft 3 213.529 2125
2d 160.245 212.5

----- Moment Capacity (k-in)
—&— 3000Ib_20ft (k-in)

—&— 2000Ih_20ft (k-in)

—8— 10001 _20ft (k-in)

—#— 500Ib_20ft (k-in)

Story

0 S0 100 150 200 250 300

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

Figure 4.55 : Developed Bending Moment vs. Moent 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 fa0d0 Ib @15 ft and 1,000 Ib @20 ft has same
value. However, the displacement for the 2,00@IRO ft has increased to 26 inches shown in
Figure 4.57. In addition, it has been dampedbauinelastic deformains 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 gretitan 0.7 seconds the interstory drift be
limited to 0.02. The graph shown in Figure 4.58 ¢aties 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 isvell 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 figuheslargest demands occur in the perimeter
moment frames as might be expected. Howehkierg is also a significant demand in the

columns of the transverse frames which are nbtone 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
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Figure 4.58 : Maximum Drift Ratio Analyzed By Nonlinear Analysis
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Figure 4.59 : Nonlinear Demand/Capacity Ratio on Transverse Direction
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“Figure 4.59 : Continued”
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(c) 2,000 Ib TNT Weight at 20 ft Stand-Off Distance

1128

o 2TEn

o

1 .5

B es

5044

453

0304

0,304

o

R ELT]

272

1]

2 papne 12 1363

1.53%

M

453

s

El_ﬁ! -‘i_!l ;
0198 Q188 O 18D
oo =
2 #
139 EY
0,081 (L0RS (LOES
- -
5 £
S8 |86
0.005 : Q.099 0. 1408
o ford)
i =
g
oo m
12 13 20 14
1 498 1482 1484
2 2
i1 13 1% 23
13 133 1.343
L 14 B 22
1506 A 129 1299
2 = 2 z
il i3 17 21
Y
[ [ [ (|

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

Figure 4.60 : Nonlinear Demand/Capacity Ratio on Longitudinal Direction
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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 SAP20@wsed for the analyses. These properties are
based on the recommendations made in FEMB{or steel moment hinges. The moment-
rotation curve that gives the yield value anel pfastic deformation following yield is shown
Figure 4.63. It should be noted that point B repnés yielding and this rotation is subtracted

from the deformations at point C, D and E. ®iere, only the plastic deformation is indicted

by the hinge.
-
Q/Qy b
a

C
B.///.

D E

e ®
[

Ae —

Figure 4.63 : Generalized Force-DeformatiorRelation 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 rotati§njs used from FEMA 356 equations.

Table 5-6 Modeling Parameters and Acceptance Criteria for Nonlinear Procedures—Structural Steel
Components

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 ae, a8, 118
aritl ] ; ¥ ¥ y ¥
h . 418
i F;-s
b ,{J—f = ?S ;
Hy JE.
) . N e 0, Bl 0.2 0.258, 28, ECS 3, 4a,
Ko O
=g ‘\'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

G, g, e, 118,

48, 86y 02

0.258,

23}, 39!. 38}- 493.

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 &ceptance Criteria for Nonlinear Procedures

132

G



ZF 1

ye b

Beams: &, =
¥~ TBEIL
ZF .1
Columns: & = —= c{i 2 i\]
T 0

For reference, the member locations and idieatibn 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 dadsin critical members of the transverse and

longitudinal frame are summarized in Figure 4.68 — Figure 4.70.
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Figure 4.65 : Generated Member Numbers along the Transverse Direction
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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. Fgu68 is shown that the beams and columns
that exceed the elastic limit are only weakly livear with small plastic rotation demands along
both directions. In Figure 4.69, the behaviors of the transverse columns 4tzthe ®of 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 (10). The maximum member demandshe condition of 2,000 Ib @ 20 ft are
summarized in Figure 4.70. Here it can be seatthiere is yielding in the column over the
direction of the frame with plastic rotation demda ranging from 0.049 radians at the first floor
of longitudinal direction to -0.009 radians at tbefrlevel of transverse direction. There is also
yielding in the beams over the height of freene with plastic rotiéon demands ranging from

0.0459 radians at thé“¥loor to 0.031 at first floor.

A m--EW
EET |
.-
5
z - 5
: i T
= [
= | I
mm
L o
i_. -l L
Rotation (rad)

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 4.68 : Continued”
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“Figure 4.68 : Continued”

30000
-m-n

20000

10000 ¢

]
=]
L
]

-0.15 0.1 -0.05 0.05 0.1 0.15

Moment (kdp-in)

-10000

200w

-30000 -
Rotation (rad)

(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 196)

30000
m-A
P
20000 B :
.
10000+ !
o s
I =
E 15 0.05 01 0.15
2
=

-30000- 1
Rotation (rad)

(h) Moment-Rotation Relationship dwongitudinal Direction (Beam 197)

138



“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”

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

(f) Moment-Rotation Relationship orohgitudinal Direction (Column 12)
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(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 196)

(h) Moment-Rotation Relationship dwongitudinal Direction (Beam 197)
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(i) Moment-Rotation Relationship drongitudinal Direction (Beam 198)
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Chapter 5: Analyses of Model of Ten Story Building

To investigate effects of middigse building against various casgfsdoomb 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 wittilded steel moment frames on the parameter.

In addition, extreme load cases, 3,000 lb 400 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 displacementsaahel/capacity ratio, and diaphragm analysis as

well as nonlinear plastic hinge behavior. Thesematars 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 refleclsdthe 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 pe#i&cted pressure on front frame of structure.
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When a blast with 1,000 Ib TNT explosive weighpinges on a structure, a higher pressure is
developed, termed the reflected pressure. ddiculated (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, doeyor 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) ia tipper 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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Figure 5.1 : Distribution of Peak Reflected Pressure and Time Duration at 15 ft Stand-Off
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Figure 5.2 : Distribution of Peak Reflected Pressure and Time Duration at 30 ft Stand-Off
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Figure 5.3 : Distribution of Peak Reflected Pressure and Time Duration at 50 ft Stand-Off
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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- FigureThe 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 cunare 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.

(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”

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

(c) 1,000 Ib TNT Weight at 50 ft Stand-Off
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“Figure 5.5 : Continued”

(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/capaaiiy 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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(a) 1,000 Ib Weight at 15 ft Stand-off

Figure 5.6 : Demand/Capacity Ratio on Transverse MRF to Variable Stand-Off Distances
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“Figure 5.6 : Continued”

(b) 1,000 Ib Weight at 30 ft Stand-off
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“Figure 5.6 : Continued”

(c) Demand/capacity ratio with 1,000 Ib Weight at 50 ft Stand-off
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“Figure 5.6 : Continued”

(d) Demand/capacity ratio with 1,000 Ib Weight at 100 ft Stand-off
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(a) 1,000 Ib Weight at 15 ft Stand-off

Figure 5.7 : Demand/Capacity Ratio on Longitudinal MRF to Variable Stand-Off distances
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“Figure 5.7 : Continued”

(b) 1,000 Ib Weight at 30 ft Stand-off
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“Figure 5.7 : Continued”

(c) 1,000 Ib Weight at 50 ft Stand-off
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“Figure 5.7 : Continued”

(d) 1,000 Ib Weight at 100 ft Stand-off
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5.1.3. Summary

As results of dynamic time history analysigh variable stand-off distance, maximum
deflections are shown in Figure 5.8. As mightexpected, the maximum deflection occurs for
the 1,000 TNT weight @ 15 ft standoff distance. The maximum displacement occurs at Roof
and minimum displacement occurs Ytfor. 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.

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 faarthquake is 0.02 and the responses of all

conditions satisfy with code limitation.

Figure 5.9 : Interstory Drift to Variable Stand-Off Distance

The maximum demand/capacity ratios for the colsiinreach 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 DIi0 eae 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

G

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, 1,00@iw 2,000 Ib TNT blast at 20 ft stand-off
distance in this chapter. To find blast loadsten story building at each joint, the CONWEP
program was used. Figure 5.12 - Figure 5.15 stirme duration and peak reflected pressure on

front frame of structure.

When blast with 100 Ib, 500 Ib, 1,000 Ib, 2,000 Ib TNT weight at 20 ft stand-off distance
impinges on a structure, a higher pressureveldped, termed the reflected pressure. The
calculated (CONWEP) peak overpressures on the franmte are shown in Figure 5.12 — Figure

15. These range from a maximum of 248.5 psi (100 Ib), 1177 psi (500 Ib), 2109 psi (1,000 Ib),
3689 psi (2,000 Ib) at the point closest to the detonation to a minimum of 2.13 psi (100 Ib), 4.11

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

While these pressures are extremely large, #ltéyor a limited duration, as shown in Figure

5.12 — Figure 5.15. The duration ranges from a maximum of 18.68 msec (100 Ib), 26.87 msec
(500 Ib), 31.36 msec (1,000 Ib), 36.28 msec (2,000 Ib) in the upper west/east corner to a
minimum of 7.35 msec (100 Ib), 10.58 msec (500 Ib), 6.09 msec (1,000 Ib), 4.07 msec(2,000 Ib)

at the upper west/east corner.
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Figure 5.12 : Distribution of Peak Reflected Pressure and Time Duration on 100 Ib TNT
weight
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Figure 5.13 : Distribution of Peak Reflected Pressure and Time Duration on 500 Ib TNT
weight
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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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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 reflectesspre 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 timetysturves of each floor at 20 ft with 100 Ib,

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

(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”

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

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

(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/capaaity 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 regjaapplied loads along both directions. As a

result, critical column on transverse directisas found at closest distance of blast source.
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(a) 100 Ib Weight at 20 ft Stand-off

Figure 5.17 : Demand/Capacity Ratio on Transverse MRF to Variable TNT Weight
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“Figure 5.17 : Continued”

(b) 500 Ib Weight at 20 ft Stand-off
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“Figure 5.17 : Continued”

(c) 1,000 Ib Weight at 20 ft Stand-off
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“Figure 5.17 : Continued”

(d) 2,000 Ib Weight at 20 ft Stand-off
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(a) 100 Ib 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 Ib Weight at 20 ft Stand-off
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“Figure 5.18 : Continued”

(c) 1,000 Ib Weight at 20 ft Stand-off
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“Figure 5.18 : Continued”

(d) 2,000 Ib Weight at 20 ft Stand-off
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5.2.3. Summary

As results of dynamic time history analysighwariable 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 maximdisplacement 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.

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 faarthquake is 0.02 and the responses of all

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

Figure 5.20 : Interstory Drift to Variable TNT Weight

The maximum demand/capacity ratios for the colsinmreach story of the transverse frame and
longitudinal frame for a stand-off distance 2@rfé 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 directioitiw2,000 TNT weight and 1,000 Ib 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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Figure 5.21 : Demand/Capacity Ratio to Variable TNT Weight on Transverse MRF

G

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 (Ib) 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 bagtj 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 Ib TNasbht 20 ft stand-off distance in this chapter.
To find blast loads on ten story building at egaht, the CONWEP program was used. Figure

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

upper west/east corner.

While these pressures are extremely large, #lteyor 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

Ib), at the upper west/east corner.
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Figure 5.23 : Distribution of Peak Reflected Pressure and Time Duration on 3,000 Ib TNT
weight
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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 eatlagopeak 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 assbase5%. Dynamic time history curves of each

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

(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”

(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/capaaiiy 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 regjeapplied loads along both directions. As a

result, critical column on transverse directivas found at closest distance of blast source.
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(a) 3,000 Ib Weight at 20 ft Stand-off

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

(b) 4,000 Ib Weight at 20 ft Stand-off
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(a) 3,000 Ib Weight at 20 ft Stand-off

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

(b) 4,000 Ib Weight at 20 ft Stand-off
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5.3.4. Summary

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

and minimum displacements are 3.55 in, 4.56 in respectively.

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 fararthquake is 0.02 and the responses of two

extreme condition are out of range.

Figure 5.29 : Interstory Drift to Extreme Blast Loads

The maximum demand/capacity ratios for the colsitnreach story of the transverse frame and
longitudinal frame for a stand-off distance 2@rfé summarized in Figure 5.30 and Figure 5.31.
Here it can be seen that for two (3,000 Ib 400 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

G

Figure 5.31 : Demand/Capacity Ratio to Extreme Blast Loads on Longitudinal MRF
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5.4. Diaphragm Analysis of Using ShelElements of Ten Story Building

5.4.1. Flexible Diaphragm Analysis

The floor diaphragm is assumed flexible disgggim and rigid diaphragm as shown in chapter
4.3. The floor diaphragm is represented Iexithle diaphragm resulting in shear force and
bending moment contour shown in Figure 5.HAigure 5.42 for a linear analysis against 1,000
Ib @ 20 ft stand-off distance. These contondidate the blast loading is distributed to the
moment frame on the sides parallel to the Wtase. For reference, the member locations,
identification numbers and member sizessdrewn in Figure 5.32 for typical longitudinal
frame. Table 5.2 — 5.9 and Figure 5.33 — 56w comparison of developed shear force and
bending moment with capacity of each monmesistance 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 bagdinoments of Moment Resistant Frame are
investigated as compared with capacity nkedi 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
as1,159 k/in, 1,035 k/in, 801 k/in, 583 k/in, 523 k/inrespectively and the moment capacity

of W14*500, W14*455, W14*370, W14*283, W14*257 is also calculateB23500 k-in,

46,800 k-in, 36,800 k-in, 29,150 k-in, 24,350 k-in

201



(a) Generated Member Numbers along the Longitudinal Direction

Figure 5.32 : Generated Member Numbersand Frame Section along the Longitudinal
Direction
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“Figure 5.32 : Continued”

(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)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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)

Figure 5.33 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (1,000 Ib
@ 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
(Vu) (1Vn)
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)

Figure 5.34 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (2,000 Ib
@ 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
(Vu) (1Vn)
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)

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

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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)

Figure 5.36 : Developed Shear Force vs. Shear Capacity of Flexible Diaphragm (4,000 Ib
@ 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) (1Mn)
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)

Figure 5.37 : Developed Bending Moment véloment 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) (1Mn)
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)

Figure 5.38 : Developed Bending Moment védloment 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) (1Mn)
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)

Figure 5.39 : Developed Bending Moment védloment 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) (1Mn)
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)

Figure 5.40 : Developed Bending Moment védloment Capacity of Flexible Diaphragm
(4,000 Ib @ 20 ft)
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To compare developed forces obtained byilfliexdiaphragm analysis with capacity, Bending
moment and shear capacity of concrete slavasided by followed equations from ACI 318-02

[1] as shown in chapter 4.3. Hentlse moment capacity is calculated?d.5 k-inand the

shear capacity i8.76 k/in.

(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' Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

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

(d) Shear Force Distribution af &loor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

(e) Shear Force Distribution af &loor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

(f) Shear Force Distribution at"3loor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

(g) Shear Force Distribution af &loor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

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

(i) Shear Force Distribution at"@loor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.41 : Continued”

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

(k) Shear Force Distribution at Roof (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

222



(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 : Continued”

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

(c) Moment Distribution at™ Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

225



“Figure 5.42 : Continued”

(d) Moment Distribution at"8Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(e) Moment Distribution atFloor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(f) Moment Distribution at 8 Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(g) Moment Distribution at®8Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(h) Moment Distribution at"7Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(i) Moment Distribution at 8 Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(i) Moment Distribution at 9 Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.42 : Continued”

(k) Moment Distribution at Roof (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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Table 5.10 : The Results of Flexible Diaphragm Analysis

1,000 Ib @ 20 ft 2,0001b @ 20 ft 3,000 Ib @ 20 ft 4,000 Ib @ 20 fi
Shear Forcg Bending| Shear Forcg Bending| Shear Forcg Bending| Shear Forceg 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 2.22 205b. 3.45 316.9 4.41 407.7
g 0.83 98.4 1.70 201.2 2.60 310.9 3.26 406.1
gn 0.79 87.2 1.70 173.9 2.56 266.0 3.29 346.4
70 0.77 59.1 1.60 118. 2.46 184.9 3.08 239.4]
6 0.78 61.1 1.60 127.5 2.46 197.7 3.12 253.3
5t 0.82 49.6 1.70 105.6 2.62 163.9 3.26 212.4
4t 0.90 57.0 1.83 119. 2.81 186.3 3.55 237.1
3 0.78 49.8 1.64 99.4 2.55 152.2 3.31 193.3
2nd 1.25 49.8 2.59 100.6 3.99 154.4 5.02 202.3
1% 0.45 65.0 0.39 133.34 1.43 209.9 1.79 207.5

As a result, the flexural strength of this gystis well provided in cases of 1,000 Ib, 2,000 Ib
TNT weight @ 20 ft but other cases is not enoughshrear failure is expected to this concrete

slab at all cases as shown in Figure 5.43 — Figure 5.44.
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Figure 5.43 : Developed Shear Force vs. Shear Capacity of Concrete Slab Based on
Flexible Diaphragm Analysis

G

Figure 5.44 : Developed Bending Moment vs. Moent 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 stiffmeue to normal weiglbncrete fill over 3 in

metal deck. The floor systems are also assumée rigid in their planes. Maximum shear
forces and bending moment of Moment Resiskaiame 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 aneimber 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.

(a) Generated Member Numbers along the Longitudinal Direction

Figure 5.45 : Generated Member Numbersand Frame Section along the Longitudinal
Direction
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“Figure 5.45 : Continued”

(b) Generated Frame Sections and Moment Resistant Frames
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Table 5.11 : Max. Shear Force at MRF Frames (1,000 Ib TNT Weight @ 20 ft)

Frame No. Frame Section Shear Force Shear Strength
(Vu) (1Vn)
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)

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
(Vu) (1Vn)
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)

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
(Vu) (1Vn)
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)

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

(Vu) (1Vn)

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)

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) (1Mn)
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)

Figure 5.50 : Developed Bending Moments. 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) (1Mn)
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)

Figure 5.51 : Developed Bending Moments. 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) (1Mn)
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)

Figure 5.52 : Developed Bending Moments. 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) (1Mn)
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)

Figure 5.53 : Developed Bending Moments. Moment Capacity of Rigid Diaphragm
(4,000 Ib @ 20 ft)
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(a) Moment Distribution on Whole Structure (1,000 Ib TNT Weight@20 ft Stand-Off Distance)

Figure 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”

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

(c) Moment Distribution at"® Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

(d) Moment Distribution at"8Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

(e) Moment Distribution at4Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

(f) Moment Distribution at 8 Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

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

(h) Moment Distribution at"7Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

(i) Moment Distribution at 8 Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

(i) Moment Distribution at 8 Floor (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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“Figure 5.54 : Continued”

(k) Moment Distribution at Roof (1,000 Ib TNT Weight@20 ft Stand-Off Distance)
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Table 5.19 : The Results of Rigid Diaphragm Analysis

1,000 b @ 20 f{ 2,0001b @ 20ft 3,000 b @ 2¢ ft 4,000 b @ 4

Floor Moment Moment Moment Moment
(k-in) (k-in) (k-in) (k-in)

Roof 97.0 199.6 309.6 396.2
on 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
5 50.0 106.2 164.8 213.8
4" 56.6 119.1 185.0 235.4
3¢ 49.0 97.7 149.6 190.0
2" 49.8 100.4 154.3 202.0
1% 64.7 134.7 208.8 268.8

G

0 ft

Figure 5.55 : Developed Bending Moment vs. Moent 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 displacefieerthe 4,000 Ib @ 20 ft has increased to 28

inches shown in Figure 5.57. In addition, it bagn 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 stalisplacement by the story height. The UBC'97
requires that for structures having a period gretitan 0.7 seconds the interstory drift be
limited to 0.02. The graph shown in Figure 5.58 gatks 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/égpiatios 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. Howehkerg is also a significant demand in the

columns of the transverse frames which are nbtone blast loading. The value of D/C ratio

is lower than one of D/C ratio obtained lineaalyses due to reduction of moment demand.
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(a) 1,000 Ib TNT Weight @ 20 ft Stand-Off Distance

(b) 2,000 Ib TNT Weight @ 20 ft Stand-Off Distance

Figure 5.56 : Nonlinear Dynamic Time History
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“Figure 5.56 : Continued”

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

(d) 4,000 Ib TNT Weight @ 20 ft Stand-Off Distance
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Figure 5.57 : Maximum Deflection on Each Floor By Nonlinear Analysis

Figure 5.58 : Maximum Drift Ratio Analyzed By Nonlinear Analysis
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(a) 1,000 Ib TNT Weight at 20 ft Stand-Off Distance

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

(b) 2,000 Ib TNT Weight at 20 ft Stand-Off Distance
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“Figure 5.59 : Continued”

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

264



“Figure 5.59 : Continued”

(d) 4,000 Ib TNT Weight at 20 ft Stand-Off Distance
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(a) 1,000 Ib TNT Weight at 15 ft Stand-Off Distance

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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G

Figure 5.61 : Demand/Capacity Ratio Analyzed by Nonlinear Analysis (Transverse
Direction)

G

Figure 5.62 : Demand/Capacity Ratio Analyzed by Nonlinear Analysis (Longitudinal
Direction)
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5.5.2. Nonlinear Plastic Hinge Behavior

The default plastic hinge properties in SAP20@wsed for the analyses. These properties are
based on the recommendations made in FEMB{or 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 rotafiprs also used from FEMA 356 equations

as shown in chapter 4.4.

For reference, the member locations and idieatibn numbers are shown in Figure 5.63 and
Figure 5.64 for typical transverse and longitadiframes. 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 diactat low floor and roof. The plastic rotation
demands in critical members of the transversklangitudinal frame are summarized in Figure

5.65 — Figure 5.68.

Demands for the 1,000 Ib TNT weight @ 20 ft and 2,000 Ib 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 plasttation demands along longitudinal directions.

According to the FEMA recommendations, thislthnig would be classified as suitable for
immediate occupancy (10). In Figure 5.66, the behaviors of the longitudinal columns (10, 20) at
roof level are linear and similar behaviors t@nseen 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 Ii2@ft and 4,000 Ib @ 20 ft are summarized in
Figure 5.67 and Figure 5.68. Here it can be seen that most cases are over |.O. range and
nonlinear with more plastic rotation demands along both directions. However, columns on roof

level through longitudinal dir¢ion are still in linear ranges.

Figure 5.63: Generated Member Numbrs along the Transverse Direction
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Figure 5.64 : Generated Member Numbers along the Longitudinal Direction
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(a) Moment-Rotation Relationship dnansverse Direction (Column 61)

(b) Moment-Rotation Relationship dmansverse Direction (Column 121)

Figure 5.65 : Moment-Rotation Relation In Case of 1,000 Ib TNT Weight at 20 ft Stand-
Off Distance
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“Figure 5.65 : Continued”

(c) Moment-Rotation Relationship dwwngitudinal Direction (Column 1)

(d) Moment-Rotation Relationship d&wongitudinal Direction (Column 10)
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“Figure 5.65 : Continued”

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

() Moment-Rotation Relationship orohgitudinal Direction (Column 20)
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“Figure 5.65 : Continued”

(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 661)

(h) Moment-Rotation Relationship &wongitudinal Direction (Beam 670)
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(a) Moment-Rotation Relationship dnansverse Direction (Column 61)

(b) Moment-Rotation Relationship dmansverse Direction (Column 121)

Figure 5.66 : Moment-Rotation Relation In Case of 2,000 Ib TNT Weight at 20 ft Stand-
Off Distance
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“Figure 5.66 : Continued”

(c) Moment-Rotation Relationship dwwngitudinal Direction (Column 1)

(d) Moment-Rotation Relationship d&wongitudinal Direction (Column 10)
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“Figure 5.66 : Continued”

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

() Moment-Rotation Relationship orohgitudinal Direction (Column 20)
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“Figure 5.66 : Continued”

(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 661)

(h) Moment-Rotation Relationship &wongitudinal Direction (Beam 670)
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(a) Moment-Rotation Relationship dnansverse Direction (Column 61)

(b) Moment-Rotation Relationship dmansverse 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”

(c) Moment-Rotation Relationship dmwngitudinal Direction (Column 1)

(d) Moment-Rotation Relationship dwongitudinal Direction (Column 10)
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“Figure 5.67 : Continued”

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

() Moment-Rotation Relationship orohgitudinal Direction (Column 20)
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“Figure 5.67 : Continued”

(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 661)

(h) Moment-Rotation Relationshgn Longitudinal Direction (Beam 670)
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(a) Moment-Rotation Relationship dnansverse Direction (Column 61)

(b) Moment-Rotation Relationship dmansverse Direction (Column 121)

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

(c) Moment-Rotation Relationship dwwngitudinal Direction (Column 1)

(d) Moment-Rotation Relationship d&wongitudinal Direction (Column 10)
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“Figure 5.68 : Continued”

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

() Moment-Rotation Relationship orohgitudinal Direction (Column 20)
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“Figure 5.68 : Continued”

(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 661)

(h) Moment-Rotation Relationship &wongitudinal Direction (Beam 670)

289



Chapter 6 : Structural Responses of Steel Structure Under
Earthquake

G

To find responses of earthquake ground acceders an acceleration record obtained during

the Northridge earthquake (1994) is used. Therteselected is at the Newhall Fire Station in
Northridge earthquake, which is shown in Feyérl. 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 (0.51fgrompare 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.

G

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

No. of | Duration | DT PGA

Case Record 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 aduitimaximum deflection envelope of each floor

under recorded ground motion is also shown in Figure 6.5.

G

Figure 6.2 : Displacement of at 3 Floor Recorded Ground Motion at Newhall Fire Station
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Figure 6.3 : Displacement of at ?' Floor Recorded Ground Motion at Newhall Fire Station

G

Figure 6.4 : Displacement of at "8 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. 5 g 4.8
ond Newhall Fire Station, Northridge E|Q. 5 g 11.53
3rd Newhall Fire Station, Northridge E|Q. 5 g 16.05
G

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 UBZ’is 0.02 and the drift ratio under the ground

motion is not satisfied this codienitation as shown in Figure 6.6.

Figure 6.6 : Interstory Drift of Northridge Earthquake

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

it can be seen that a D/C ratio is over unity at columri‘@bbr for the transverse frame and a

D/C Ratio is also over unity at MRF frames for longitudinal direction.
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Figure 6.7 : Demand/Capacity Ratio of Transverse Direction on Newhall Fire Station

Figure 6.8 : Demand/Capacity Ratio of Longitudinal Direction on Newhall Fire Station
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Figure 6.9 : Demand/Capacity Ratio of Newall Fire Station (Transverse Direction)

G

Figure 6.10 : Demand/Capacity Ratio of Newhall Fire Station (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 obtaineah fiitte nonlinear analyses are shown in Figure
6.11 — Figure 6.13. Here it can be seen the displanehas decreased to 3.8 inches at the roof
and the limited cycling is occurring about a neyuigbrium position in the deformed structure.
The other deflections are shown in Table 6.3addition, maximum deflection envelope of each

floor under recorded ground motion is also shown in Figure 6.14.

Figure 6.11 : Displacement of at i Floor Recorded Ground Motion at Newhall Fire
Station
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Figure 6.12 : Displacement of at”¥ Floor Recorded Ground Motion at Newhall Fire
Station

G

Figure 6.13 : Displacement of at"8 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

ond Newhall Fire Station, Northridge E|Q. 54 7.45

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

G

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 grethitan 0.7 seconds the interstory drift be

limited to 0.02. The graph shown in Figure 6.48icates that the drift is above limiting value at

the first and % floor.

Figure 6.15 : Interstory Drift of Northridge Earthquake
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The Demand/Capacity (D/C) ratio of each menibeshown in Figure 6.16 — Figure 6.19 where
it can be seen that a D/C ratio of the column and girder af'tfie@ and roof is under unity at

the transverse frame but MRF frame for longitudinal direction is still over unity.

Figure 6.16 : Demand/Capacity Ratio offransverse Direction under Recorded Ground
Motion at Newhall Fire Station

Figure 6.17 : Demand/Capacity Ratio of Longitudinal Direction under Recorded Ground
Motion at Newhall Fire Station
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Figure 6.18 : Demand/Capacity Ratio under Recorded Ground Motion at Newhall Fire
Station (Transverse Direction)

G

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 SAP20@0also used for the analyses as shown in
chapter 4.4.2. These properties are basederetommendations 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 6.20should be noted that point 10 represents
immediate occupancy, LS indicates life safety and CP means collapse prevention. Only the
plastic deformation is indicted by the hingée hinge parameters are summarized in Figure
4.64 and Table 6.4 along with the FEMA conditassessment. To calculate the yield rotation,

T, is used from FEMA 356 equatioas shown in chapter 4.4.2.

Figure 6.20 : Criteria of Plastic Hinge Behavior
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Table 6.4 : Modeling Parameter and Acceptace Criteria for Nonlinear Procedures

Modeling Parameter

Acceptance Parameter

Component Plastic Rotation Angle Plastic Rotation Angle
(radians) (radians)
a b 10 LS CP
Beams &
Columns 97 117 17 67 87

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

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

critical members of the transverse and lorgjital 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 longitudid@ections as shown in Figure 6.21. The

behaviors of the transverse columns are nealimnd 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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(a) Moment-Rotation Relationship dnansverse Direction (Column 43)

(b) Moment-Rotation Relationship d&wongitudinal Direction (Column 10)

Figure 6.21 : Moment-Rotation Relation under Recorded Ground Motion at Newhall Fire
Station
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“Figure 6.21 : Continued”

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

(d) Moment-Rotation Relationship dwongitudinal Direction (Column 12)

306



“Figure 6.21 : Continued”

(e) Moment-Rotation Relationship &oengitudinal Direction (Beam 196)

(f) Moment-Rotation Relationship drongitudinal Direction (Beam 197)
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“Figure 6.21 : Continued”

(g) Moment-Rotation Relationship &wongitudinal Direction (Beam 198)
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6.3. Linear Analyses of Ten Story Building under Earthquake

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

Figure 6.22 — Figure 6.25 and shown in Table 6.5

Figure 6.22 : Displacement of at *t Floor Recorded Ground Motion at Newnhall Fire
Station
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Figure 6.23 : Displacement of at'8 Floor Recorded Ground Motion at Newhall Fire
Station

G

Figure 6.24 : Displacement of at 1¥) 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.Deflectigim)
1st Newhall Fire Station, Northridge E|Q. g g 1.87

gth Newhall Fire Station, Northridge E|Q. g g 18.06

10" Newhall Fire Station, Northridge E|Q. g g 30.2

G

Figure 6.25 : Maximum Deflection Envelope of Each Floor under Northridge Earthquake
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The code limitation of drift ratio basesh UBC’97 is 0.02 and the responses throujtil@or

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

Figure 6.26 : Interstory Drift of Northridge Earthquake
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The Demand/Capacity (D/C) ratio of each membahown in Figure 6.27 — Figure 6.30 where
it can be seen that a D/C of transverse direaimhlongitudinal direction is less than unity but

MRF frames through longitudinal direction indicating inelastic behavior.

Figure 6.27 : Demand/Capacity Ratio offransverse Direction under Recorded Ground
Motion at Newhall Fire Station
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Figure 6.28 : Demand/Capacity Ratio of Longitudinal Direction under Recorded Ground
Motion at Newhall Fire Station
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Figure 6.29 : Demand/Capacity Ratio under Recorded Ground Motion at Newhall Fire
Station (Transverse Direction)

G

Figure 6.30 : Demand/Capacity Ratio under Recorded Ground Motion at Newhall Fire
Station (Longitudinal Direction)
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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 obtaineah fiitte nonlinear analyses are shown in Figure
6.31— Figure 6.33. Here it can be seen the digwhent has decreased to 25.04 inches at the
roof. The other deflections are shown in Tabk & addition, maximum deflection envelope of

each floor under recorded ground motion is also shown in Figure 6.34

Figure 6.31 : Displacement of at %l Floor Recorded Ground Motion at Newhall Fire
Station
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Figure 6.32 : Displacement of at'8 Floor Recorded Ground Motion at Newhall Fire
Station

G

Figure 6.33 : Displacement of at 10 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.Deflectigim)
1st Newhall Fire Station, Northridge E|Q. g5 1.25

gth Newhall Fire Station, Northridge E|Q. g5 16.24

10" Newhall Fire Station, Northridge E|Q. g5 25 04

G

Figure 6.34 : Maximum Deflection Envelope of Each Floor under Northridge Earthquake
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The code limitation of drift ratio basesh UBC’97 is 0.02 and the responses throujtil@or

and %" floor of the ground motion is not satisfied this constraint as shown in Figure 6.35

Figure 6.35 : Interstory Drift of Northridge Earthquake
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The Demand/Capacity (D/C) ratio of each membahown in Figure 6.36 - Figure 6.39 where
it can be seen that a D/C of transverse divectind longitudinal direction is less than unity but

girders of MRF through longitudinalmiction indicating inelastic behavior.

Figure 6.36 : Demand/Capacity Ratio offransverse Direction under Recorded Ground
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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Figure 6.38 : Demand/Capacity Ratio under Recorded Ground Motion at Newhall Fire
Station (Transverse Direction)

G

Figure 6.39 : Demand/Capacity Ratio under Recorded Ground Motion at Newhall Fire
Station (Longitudinal Direction)
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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 mdeeMA-273 for steel moment hinges. The
moment-rotation curve that gives the yield vadnel the plastic deformation following yield is
shown in chapter 4.4. The hinge parametegssammarized in chapter 4.4 along with the
FEMA condition assessment. To calculate the yield rotafipris also used from FEMA 356

equations as shown in chapter 4.4.

The critical members are selected usinglinear analysis such as one column dflaor along
transverse direction, one column ana tweams along longitudinal direction &tfloor and roof.
The plastic rotation demands in critical memhsrthe 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 directiane weakly nonlinear behavior in immediate

occupancy (10).
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(a) Moment-Rotation Relationship dnansverse Direction (Column 121)

(b) Moment-Rotation Relationship &wongitudinal Direction (Column 1)

Figure 6.40 : Moment-Rotation Relation under Recorded Ground Motion at Newhall Fire
Station
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“Figure 6.40 : Continued”

(c) Moment-Rotation Relationship dwwngitudinal Direction (Beam 661)

(d) Moment-Rotation Relationship &ongitudinal Direction (Beam 670)
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Chapter 7 : Conclusion

The analytical studies are intended to presentélsponses of low and mid rise steel building
structures under blast loads. The analyticallteswe 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 oreelisear frame model with variable stand off
distances; the second one is a linear frame hwaitie variable weights of explosive (TNT);

third one is linear diaphragm model with diffat TNT weights; fourth one is nonlinear frame
model with variable TNT weights; while the lamie is linear and nonlinear frame model with
earthquake case. This study assumes the wapepdicular 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 Ib and 2,000 Ib. The radii of the crater due to 500 Ib, 1,000

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

2. Considering a 1,000 Ib 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’'6@de 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)d the orientation of column strong axis have a

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

5. In flexible diaphragm analysis, the diaphragreffective 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 Ib, 3,000 Ib TNT weight @ 20 ft are exceed the code
design values of AISC-LRFD as shown in chagt@. In addition, comparison of in-plane
shear on the concrete slab indicates thatangshear 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 caistdor 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 bendingmaont of MRF frames from rigid diaphragm
analysis in 2,000 Ib, 3,000 Ib TNT weights2® ft also exceed the code design values of
AISC-LRFD as shown in chapter 4.3. Howeube out-of-plane bending demands are also
smaller than bending capacity of concrete slith 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 Ib 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 columnseimch 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 unityfinct and
roof indicating elastic behavior. The D/C ratio of two blast conditions over 1,000 TNT
weight is greater than unity. However, Figuré $hows 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 alongddudinal direction are higher than for the
columns along the transverse direction. Becadluseliaphragm is distributing the blast loads
from the front face to the other frames on theapeeter as shown in Figure 7.8. The higher
D/C ratios and inelastic deformation occuthe longitudinal frame for blast load. In
addition, the demand/capacity ratio resultednfirigid diaphragm analysis is higher than

that resulted from flexible diaphragm anadyas shown in Figure 7.9 — Figure 7.12.
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Figure 7.1 : Developed In-Plane Shear vs. SheCapacity of Concrete Slab Based on
Flexible Diaphragm Analysis

G

Figure 7.2 : Developed Out-of-Plane Bendinlyloment vs. Moment Capacity of Concrete
Slab Based on Flexible Diaphragm Analysis
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Figure 7.3 : Developed Out-of-Plane Bendinlyloment vs. Moment Capacity of Concrete
Slab Based on Rigid Diaphragm Analysis

G

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

G

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)

Loading
Direction

Figure 7.8 : In-Plane Shear Flow Distribution on 3 Story Building
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(a) Demand/Capacity Ratio of Transverse Direction (Flexible Diaphragm Analysis)

(b) Demand/Capacity Ratio of Longitudirairection (Flexible Diaphragm Analysis)

Figure 7.9 : Demand/Capacity Ratio of MRF Frames (Flexible Diaphragm Analysis)

Figure 7.10 : Max. Demand/Capacity Ratiaunder Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Flexible Diaphragm Analysis)
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(a) Demand/Capacity Ratio of TransveBieaction (Rigid Diaphragm Analysis)

(b) Demand/Capacity Ratio of Longitudirirection (Rigid Diaphragm Analysis)
Figure 7.11 : Demand/Capacity Ratio of MRF Frames (Rigid Diaphragm Analysis)

Figure 7.12 : Max. Demand/Capacity Ratiaunder Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Rigid Diaphragm Analysis)
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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,B0@ 20 ft has increased to 26 inches at
roof as shown in Figure 7.13. In additidine 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 Ib @ 15 ft and 1,000 Ib @ 20 ft exceed limitation
of UBC’ 97 for earthquake af'floor and roof. In addition, for the 2,000 Ib @ 20 ft, the

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

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

reduction of moment demand sisown in Figure 7.15.

4. Comparison with the earthquake response ired#iat the displacement of this building for
blasts of 15 ft, 20 ft stand-off distances wit®00 Ib TNT weights is basically same as
displacement of considered earthquake. Howekerdisplacement of 2,000 Ib 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 earthquakai®ve the code value with the exception'dfldor

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 thatols@ms and columns that exceed the elastic limit

have small plastic rotation dends along both directions. In Table 7.2, the behaviors of the
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transverse columns at the roof level are lirarad similar behaviors can be seen on 1,000 Ib
TNT weight at 15 ft. According to the FEM#&commendations, this building would be

classified as suitable for life safety (10).

6. Demands for the condition of 2,000 Ib @ 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 lo@.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 isoayielding in the beams over the height of the
frame with plastic rotation demands ranging from 0.0459 radians at“thea? 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.

7. Demands for earthquake recorded Newhall Fire Station are summarized in Table 7.4. It is
shown that the columns that exceed the eléistichave small plastic rotation demands along
both directions. However, there is yieldinglire 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 thagdistate is classified as suitable for life safety

(10) in case of earthquake.
8. As results of nonlinear analysis of 3 story builg columns at the first floor level have a high

plastic rotation demand that makes them critizad 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)

G

Figure 7.14 : Max. Interstory Drift of Northridge Earthquake and Blast Loads (Nonlinear
Analysis)
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Figure 7.15 : Comparison of Moment Demand Resulted from Linear and Nonlinear
Analysis for Longitudinal Column

(a) Generated Member Numbeidsng the Transverse Direction

Figure 7.16 : Generate Member Numbers along Both Directions
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“Figure 7.16 : Continued”

(b) Generated Member Numbers along the Longitudinal Direction

Table 7.1 : Acceptance Criteria for Nonlinear Procedures (1,000 Ib @ 15 ft)

: Hinge
Case Member Section b P a b State
Column No. 10
(Longitudmal| (1 Floony | 0-007 | 00188 0062 007§ 10-Us
No. 11
2 Flooy | 0007 | 00018 0062|0076  <Iq
No.12 0007 | 0010/ 0062 00768 10-Us
(Roof)
Column No. 43
100010 | (Traneverse)| (1Floory | 0009 | 0.0144 0.084] 0102 10-Ufs
@15f No.44 0009 | 0.003| 0084 0102 I©
(2" Floor) ! ' ! '
No.45 0009 | 0.000| 0084 0102 Lines
(Roof)
Beam No. 196
(Lonaadinal| (14Flory | ©-009 | 0.007| 0079 0096 1
NO.197
(2% Flooy | 0009 | 0016| 0079 0098 0-Lf
NO.198 | 0011 | 0.017| 0079| 0124 10-Us
(Roof)

Where, 10 = IT, LS = 6T, CP = 8T,

339



Table 7.2 : Acceptance Criteria for Nonlinear Procedures (1,000 Ib @ 20 ft)

. Hinge
Case Member Section V P a b State
Column No. 10
(Longitudinal) | (1% Floor) 0.007 0.0165 0.062 0.07¢ 10-US
No. 11
(2 Floor) 0.007 0.0014 0.062 0.076 <IQg
No.12 0.007 0.0079 0.062 0.076¢ 10-US
(Roof)
Column No. 43
1,000 Ib (Transverse) | (1% Floor) 0.009 0.0123 0.084 0.102 10-US
@20t No. 44 0.009 0.0002 0.084 0.102 <Ig
(2" Floor) ' ' ' '
No.45 0.009 0 | 0084 0102 Lines
(Roof)
Beam No. 196
(Longitudinal) | (1% Floon) 0.009 0.0062 0.079 0.096 <Ig
No. 197
(2”" Floor) 0.009 0.0157  0.079 0.096¢ 10-US
No.198 0.011 0.0167  0.079 0.124 10-US
(Roof)
Table 7.3 : Acceptance Criteria for Nonlinear Procedures (2,000 Ib @ 20 ft)
: Hinge
Case Member Section b P a b State
Column No. 10
(Longitudinal) | (1% Floor) 0.007 0.0493 0.062 0.07¢ LS-dpP
?‘2% Ililloor) 0.007 0.0251 0.062 0.07¢ 10-Lp
No.12 0007 | 0030 0062 0076 10-L§
(Roof)
Column No. 43 A 5
2.000 Ib (Transverse) | (1% Floor) 0.009 0.044 0.084 0.1072 10 -LP
@20t No. 44 0009 | 0012| 0084 0102 10-L}
(2™ Floor) ' : : 4 e
NO. 45 0.009 0.0092 0.084 0.102 10-Lp
(Roof)
Beam No. 196 R
(Longitudinal) | (1% Floon) 0.009 0.035 0.079 0.094 I0-Lp
E\Iz(“)“' ;l:?cfor) 0009 | 0.0459 0079 009 10-LE
No.198 0.011 0.0354 0.079 0.124 10-Lp
(Roof)
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Table 7.4 : Acceptance Criteria for Nonlinear Procedures (Earthquake)

Case Member Section 1% P a b "éitggtlg
(Loﬁgi':’urgi?]a,) ?'13',:1'200 0007 | 0.013| 0062| 0076 KOS
(2% Floon| 0007 | 0.004| 0062|0076 <O
Recorded (Roop | 0007 | 0003| 0062| 007§  <IO
ifewhau (T;ﬂg\cg?se) (Nlcs’t'égor) 0.009 | 0006 0084 0102  <IO|
Station (Lonaadinah| (14Floory | 008 | 0.014| 0.079| 0098 10-Ls
(2% Floony| 0008 | 0.018| 0079 009§ 10-Us
Reon | 0011 | 0022| 0079| 0124 10-Us
G

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)

Figure 7.19 : Max. Plastic Rotation at Each Story (Longitudinal Beams)
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7.3. Linear Analysis of Ten Story Building
1. Considering the 1,000 Ib explosive, this stinwe is adequate of all considered stand-off
distances. As results of analysis with 100300 Ib, 1,000 Ib and 2,000 Ib 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 satisfige UBC’97 code for earthquake with the exception
of 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 Ib and 4,000 Ib TNT weight at 20 ft standoff distance in
chapter 5.3, this structureasso needed adequate protectidhe higher D/C ratios also occur
in the longitudinal frame for extreme blast lazbes. 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, maximwimear force and bending moment of MRF frames
for 2,000 Ib, 3,000 Ib, 4,000 Ib TNT weight D 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& its capacity in blast loads considered as
shown in Figure 7.20. However, the out-offebending demands are smaller than bending
capacity of concrete slab with exceptior8¢d00 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 distribigithe blast loads from the front face to the other
frames on the perimeter. Maximum shear fand bending moment of MRF frames resulted
from both analyses in 2,000 Ib, 3,000 Ib, D00 TNT weights @ 20 ft are also exceed the
code design values of AISC-LRFD as shawichapter 5.4. However, the out-of-plane
bending demands are smaller than bending capaicdgncrete 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 alnsame 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 ofthguake as shown in Figure 7.23. The code
limitation of drift ratio based on UBC’97 faarthquake 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 H24vever the drift is only 0.029 of 2,000 Ib

TNT which should be sustainedth proper welded connections.

7. The maximum D/C ratios for the columnse&ch 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 @tabehavior except case of 2,000 Ib TNT.

However, Figure 7.26 shows that the maximur@ bdtios 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.

344



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

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

G

Figure 7.20 : Developed In-Plane Shear v&hear Capacity of Concrete Slab Based on
Flexible Diaphragm Analysis
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Figure 7.21 : Developed Out-of-Plane Bendinlyloment vs. Moment Capacity of Concrete
Slab Based on Flexible Diaphragm Analysis

G

Figure 7.22 : Developed Out-of-Plane Bendinlyloment 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

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)

G

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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(a) Demand/Capacity Ratio of Transverse Direction (Flexible Diaphragm Analysis)

Figure 7.28 : Demand/Capacity Ratio of MRF Frames (Flexible Diaphragm)
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“Figure 7.28 : Continued”

(b) Demand/Capacity Ratio of Longitudirairection (Flexible Diaphragm Analysis)

351



(a) Demand/Capacity Ratio of TransveBieection (Rigid Diaphragm Analysis)

Figure 7.29 : Demand/Capacity Ratio of MRF Frames (Rigid Diaphragm Analysis)
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“Figure 7.29 : Continued”

(b) Demand/Capacity Ratio of Longitudirdirection (Rigid Diaphragm Analysis)
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Figure 7.30 : Max. Demand/Capacity Ratiaunder Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Flexible Diaphragm Analysis)

Figure 7.31 : Max. Demand/Capacity Ratiaunder 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 throughf®or and §' floor in case of earthquake is greater
than that of blast loads. However, in cage3,000 Ib and 4,000 Ib TNT weights at 20 ft
stand-off distance, the displacement of earthquake is less through the first floSrfmi 5

as shown in Figure 7.32.

2. An important parameter in earthquake restsdasign 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 gretitan 0.7 seconds the interstory drift be
limited to 0.02. As results of nonlinear analysistitast 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 satisfiedttwiimiting code value in exception througt 3

floor and %' floor as shown in Figure 7.33.

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

due to reduction of moment denwhas 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, flgaat 1
that exceed the elastic limit have small plastiation demands along longitudinal directions.
According to the FEMA recommendations, thislthnig would be classified as suitable for
immediate occupancy (I0). In Table 7.6, the behaviors of the longitudinal columns (10, 20) at
roof level are linear and other members that exteealastic limit have small plastic rotation

demands along both directions.
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5. The demands for extreme condition of 3,000 Ib @ 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 previoussadowever, columns (10, 20) on roof level
through longitudinal diction are still in linear ranges. According to the recommendations of
FEMA, this building under 3,000 Ib TNT weigahd 4,000 Ib TNT weight at 20 ft would be
classified as suitable for life safety (LSjdacollapse prevention (CP) respectively. Demands
for earthquake recorded Newhall Fire Statice 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 (IO)

G

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

356



Figure 7.33 : Max. Interstory Drift of Northridge Earthquake and Blast Loads

G

Figure 7.34 : Comparison of Moment Demand Resulted from Linear and Nonlinear
Analysis for Longitudinal Girder
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(a) Generated Member Numbeidsng the Transverse Direction

Figure 7.35 : Generate Members along Both Direction
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“Figure 7.35 : Continued”

(b) Generated Member Numbers along the Longitudinal Direction
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Table 7.5 : Acceptance Criteria for Nonlinear Procedures (1,000 Ib @ 20 ft)

Case Member Section Y P a b I-Shtr;?g
Column No. 1
(Longitudinal)| (1" Floory | 00061 | 0.0021 0.0554 00677 1@
No.10 | 4 5p71 0 00643 00786  Linea}
(Roof)
No.11 | 50058 | 0.0030| 00524 00640 1@
(2** Floor)
No. 20 ) .
0.0070 0 0.0636| 0.0777 Linea}
1,000 Ib (Roof)
@ 20 ft Column No. 61 )
(Transverse) | (1 Floor) | 0-0080 0 0.0743| 0.0908 Linea}
No.121 -\ 4 4080 0 0.0743| 00908 Linea}
(2** Floor)
Beam No. 661 d ,
(Longitutinal)| (1= Fioory | 0-0070 0 0.0658| 0.0805 Lineaf
No.670 )
(1% Floor) 0.0110 0 0.1011 0.1236 Lmeaf
Table 7.6 : Acceptance Criteria for Namlinear Procedures (2,000 Ib @ 20 ft)
Case Member Section 1Y P a b l_é'tr;?s
Column No. 1
(Longitudinal)| (= Floor) | 00061 | 0.0153| 0.0554 00677 10-1fs
No.10 | 4 5o71 0 0.0643| 0.0786  Linea}
(Roof)
No.11 1 50058 | 0.0158| 00524 0.064p 10-1Us
(2> Floor)
No. 20 i :
0.0070 0 0.0636| 0.0777 Linea}
2,000 Ib (Roof)
@ 20 ft Column No. 61 4 )
(Transverse) | (19Fioory | 0-0080 | 0.0105| 0.0743 00908 10U
No.121 1 55080 | 0.0105| 00743 0.0908 10-LUs
(2> Floor)
Beam No. 661
(Longitudinal)| (= Floor) | 00070 | 0.0078| 0.065§  0.0805 10-1fS
No.670
(SFogy | 00110 | 00029| 01011 01236 18
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Table 7.7 : Acceptance Criteria for Nonlinear Procedures (3,000 Ib @ 20 ft)

Case Member Section V P a b 'g:;%g
Column No. 1
(Longituinal| (=" Floor) | 00061 | 0.02830 00854  0.0677 10-Us
No.10 | 4 no71 0 0.0643| 0.0786 Lineaf
(Roof)
No.11 | o058 | 0.02892 00524 0.0640 10-1ls
(1* Floor)
No. 20 i .
0.0070 0 0.0636| 00777 L
3,000 Ib (Roof) ineay
@ 20 ft Column No. 61 ,_ ]
(Tramsverse) | (1Fioor) | 0-0080 | 0.02311 00743  0.0008 10-1fs
No.121 "\ 5080 | 0.02311] 0.0743 0.0908 10-1s
(1° Floor)
Beam No. 661
(Longitudinal)| (= Floory | 00070 | 0.01899 00658 ~ 0.0805 10-Us
NO.670
(% ooy | 00110 | 00058| o101l 01235 I@
Table 7.8 : Acceptance Criteria for Nonlinear Procedures (4,000 Ib @ 20 ft)
Case Member Section 1Y, P a b ';'tr;?:
Column No. 1 |
No.10 1§ 5g71 0 0.0643| 0.0786  Linea}
(Roof)
No.11 | 50058 | 00375/ 00524 00640 LS-¢P
(2> Floor)
No. 20 ] .
0.0070 0 0.0636| 0.0777  Linea}
4,000 Ib (Roof) !
@ 20 ft Column No. 61 4 )
(Transverse) | (19Fioor) | 0-0080 | 0.0305| 00743 00908 10-US
No.121 | 5080 | 0.0305| 0.0743 00908 10-Us
(1> Floor)
Beam No. 661
(Longitudina)| (= Floor) | 00070 | 0.0307| 0.065§  0.0805 10-LfS
NO.670 I
(SFoy | 00110 | 0006 | 01011 01236 1@
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Table 7.9 : Acceptance Criteria for Nonlinear Procedures (Earthquake)

. Hinge
Case Member Section V P a b State
Column | No.1
(Longitudin | (1* Floor) 0.0061 0 0.0554| 0.0677 Lined
Recorded al)
At Column | No. 121 :
Newhall | (Transverse) (1* Floor) 0.0080 0 0.0743] 0.0908 Lined
Fire
, Beam No. 661 L
Station (Longitudin | (1% Floor) 0.0070 | 0.002| 0.0658 0.0805 I®
al) No. 670 L
(1 Floor) 0.0110 0.002| 0.1011 0.1236 I&
G

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

(ONONO)]
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Figure 7.37 : Max. Plastic Rotation at Each Story (Longitudinal Beams)

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 witinferced concrete shear walls used to resist
lateral wind loads [14]. The structure was aenstory 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 resistamgainst a vehicular bomb attack. In this

chapter, substituting concrete column used imratubuilding 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 blaatlls approximated as a simply supported beam
between the first- and third floor elevations [bhe column resisted blast loads about its weak
axis as shown in Figure 7.34. The blast loads was 4,000 Ib TNT weight at 14 ft and it directly

removed a principal exterior column [14].

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 loadsi abruptly to the reflected pressure, 1,400 Ib
per square inch [14]. Therefore this blast loadsed 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.

u, §
M, Af, 1 0527
Y 0.85f. @ i

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

fiber in compression to centroid of tensile reinforcement

365



Table 7.10 : Calculated Flexural Strength of Concrete Column

Measurement Concrete C_ol_umn
(Murrah Building)

width (in) 36
Effective depth (in) 20
Number of bars 11
Bar area (sg. in) 1.56
Sum area (sg. in) 15.6
Flexural Moment Strength
(thousand of pound-fee%) 1270.94

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

in.

Table 7.11 is shown that material propertieste&l column used in chapter 5. These data is

used to calculate period, plasttoment 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) i 1050
Plastic Modulus of 592 i
Weak Axis (cu. in)
Yield stress (Ib per sg. in) 29000000 29000000
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Table 7.12 : The results of Single Degree of Freedom Analysis

Results Concret€olumn Steel Column with| Steel Column witH
Weak Axis Strong Axis
TdT 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 commete 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], itilderred that the blast was equivalent to
the detonation of 4,000 |Ib of TNT at 14TFhe blast caused the removal of nearest column
(G20) by brisance as well as the shear failureohimns G16 and G24 as shown in Figure 7.41.
With this loss of three intermediate princigalumns, the transfer girder supporting the upper

portion of the building on the west side collapsed.

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/capaattp 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 colufins at 1
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floor level through both directions. In additionetB/C ratio of longitudinal direction is higher
than that of transverse direction as showRigure 7.42 — Figure 7.45. It is indicated that the
diaphragm is distributing the blast loads frora tfont face to the other frames on the perimeter

provided it remains intact.

17

(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”

—

(b) Demand/Capacity Ratio of Longitudirairection (Flexible Diaphragm Analysis)
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(a) Demand/Capacity Ratio of TransveBieaction (Rigid Diaphragm Analysis)

Figure 7.43 : Demand/Capacity Ratio of MRF Frames (Rigid Diaphragm Analysis)
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“Figure 7.43 : Continued”

(b) Demand/Capacity Ratio of Longitudiridirection (Rigid Diaphragm Analysis)
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Figure 7.44 : Max. Demand/Capacity Ratiaunder Blast Load (Columns along Transverse
Direction and Longitudinal Direction — Flexible Diaphragm Analysis)

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

A.1l. 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 Presgure Im_pulse 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 3734 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 45.91 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 , Time of Arrivall  Pressure Impulse Load Duration
Velocity (ft/msec - .

(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 4.33 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 Arrivall  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 . Time of Arrival  Pressure Impulse Load Duration
Velocity (ft/msec . :

(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 22.91
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A.2. Input Procedure and ReflectedPressure of CONWEP Program

1. Select types of Blast

2. Select Units and Types of Air Blast
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3. Select of Weapon and Weight

4. Direction of Target
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5. Enter Stand-off Distance

6. Answers of CASE1
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7. Plot Peak Pressure of CASE 1, 2, 3and 4
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Appendix B: Demand/Capacity Ratio of 3 Story Building

B.1. Variable Stand-off Distance

CASE 1 : Moment Released

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

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

Figure B. 1 : Demand/Capacity Ratio on Transverse MRF to Variable Stand-Off Distances
(Moment Released)
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“Figure B.1 : Continued”

(c) Demand/capacity ratio with 1,000 Ib Weight at 50 ft Stand-off

(d) Demand/capacity ratio with 1,000 Ib Weight at 100 ft Stand-off
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(a) 1,000 Ib Weight at 15 ft Stand-off

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

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

Figure B. 2 : Demand/Capacity Ratio on Longitudinal MRF to Variable Stand-Off
Distances (Moment Released)
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“Figure B.2 : Continued”

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

CASE 2 : Moment Fixed

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

Figure B. 3 : Demand/Capacity Ratio on Transverse MRF to Variable Stand-Off Distances
(Moment Fixed)
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“Figure B.3 : Continued”

(b) Demand/capacity ratio with 1,000 Ib Weight at 30 ft Stand-off

(c) Demand/capacity ratio with 1,000 Ib Weight at 50 ft Stand-off
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“Figure B.3 : Continued”

(d) Demand/capacity ratio with 1,000 Ib Weight at 100 ft Stand-off

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

Figure B. 4 : Demand/Capacity Ratio on Longitudinal MRF to Variable Stand-Off
Distances (Moment Fixed)
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“Figure B.4 : Continued”

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

(c) 1,000 Ib Weight at 50 ft Stand-off
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CASE 3 : Moment Fixed (Alternative Rotation)

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

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

Figure B. 5 : Demand/Capacity Ratio on Transverse MRF to Variable Stand-Off Distances
(Moment Fixed (Alternative Rotation))
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“Figure B.5 : Continued”

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

(d) 1,000 Ib Weight at 100 ft Stand-off
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(a) 1,000 Ib Weight at 15 ft Stand-off

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

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

Figure B. 6 : Demand/Capacity Ratio on Longitudinal MRF to Variable Stand-Off
Distances (Moment Fixed (Alternative Rotation))
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“Figure B.6 : Continued”

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

B.2. Variable TNT Weights

Case 1 : Moment Released

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

Figure B. 7 : Demand/Capacity Ratio on Transverse MRF to Variable TNT Weight
(Moment Released)
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“Figure B.7 : Continued”

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

(c) 1,000 Ib Weight at 20 ft Stand-Off
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“Figure B.7 : Continued”

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

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

Figure B. 8 : Demand/Capacity Ratio on Longitudinal MRF to Variable TNT Weight
(Moment Released)
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“Figure B.8 : Continued”

(b) 500 Ib Weight at 20 ft Stand-off

(c) 1,000 Ib Weight at 20 ft Stand-off

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

398



CASE 2 : Moment Fixed

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

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

Figure B. 9 : Demand/Capacity Ratio on Transverse MRF to Variable TNT Weight
(Moment Fixed)
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“Figure B.9 : Continued”

(c) 1,000 Ib TNT Weight at 20 ft Stand-off

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

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

(c) 1,000 Ib TNT Weight at 20 ft Stand-off

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

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

CASE 3 : Moment Fixed (Alternative Rotation)

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

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”

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

(c) 1,000 Ib TNT Weight at 20 ft Stand-off
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“Figure B.11 : Continued”

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

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

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

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

(c) 1,000 Ib TNT Weight at 20 ft Stand-off

(d) 2,000 Ib TNT Weight at 20 ft Stand-off
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Appendix C : Calculation of Effective Thickness for Composite Slab

Figure C. 1 : The dimension of Composite Slab [23]

Note : 1. Section shows non-cellular deck. S#cshall 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

0.50h° nAd W,d, h 0.5, é’
yCC b >
bh, nA, W.d, -

=2.46in

Yes=d —¥%:=1.18in

The uncracked moment of inertia is

bh® bh ) , Whd§agf - ,°
I, — —ty_ 08 | e h 0.5
“In on e « A nC, oJ2 1 Ye 7,
= 33.09 irf

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 = 8

ls= the moment of inertia of the full (unrezkd) steel deck per unit slab width = 1.51 in

hc=25in
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W, =61n

dd=3in
h=5.5in
c.=121in

Therefore, the thickness of transformed concreBesisn
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