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Abstract

Effects of Strong-Column Weak-Beam Ratios on Collapse Capacities of Tall Reinforced
Concrete Moment Frame Structures

by

Colleen Kirsten Cagurangan

Doctor of Philosophy in Engineering - Civil and Environmental Engineering

University of California, Berkeley

Professor Jack P. Moehle, Chair

The intent of the strong-column weak-beam (SCWB) strength ratio in building codes is
to reduce the likelihood of the formation of story mechanisms in reinforced concrete special
moment-resisting frames subjected to seismic loading. Previous research has shown that
for tall buildings the current code requirement is not sufficient to prevent these undesirable
plastic mechanisms from forming and leading to collapse of the structure. Furthermore,
nonlinear analyses of structures greater than four stories with strength ratios of 2.0 or greater
have shown story mechanisms to still occur. It is unclear whether complete prevention of
story mechanisms is possible or even necessary in tall buildings. To achieve a complete
building mechanism, the required SCWB ratio would lead to dimensions that would be
deemed unacceptable to project sponsors.

To determine the effects that SCWB strength ratios have on collapse mechanisms and
collapse capacities of buildings, several structures with differing SCWB ratios and heights
were analyzed: namely, 12-, 18- and 24-story structures each with 1.2, 1.4, 1.6, 1.8, and 2.0
SCWB ratios, for a total of 15 structures. Numerical modelling of these perimeter frame
structures was done in Opensees. A nonlinear static analysis and an incremental dynamic
analysis (IDA) using 30 ground motions were performed on each structure. Fragility curves
were obtained using the maximum likelihood method from the results of the IDA. The
probability of collapse given a maximum credible event, P(C|MCE), of each structure was
subsequently obtained. Maximum beam and column end rotations occurring during the IDA
were plotted to examine the types of mechanisms formed.
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Chapter 1

Introduction

1.1 Motivation

The intent of the strong-column weak-beam (SCWB) strength ratio in building codes is
to reduce the likelihood of the formation of story mechanisms in reinforced concrete special
moment resisting frames subjected to seismic loading. The current ACI 318 provisions, (ACI
318-14, 2014), require a column-to-bream strength ratio of 1.2 or greater as summed at the
joints. Previous research (Dooley & Bracci, 2001; Haselton et al., 2011; Ibarra & Krawinkler,
2005) has shown that for tall buildings this is not sufficient to prevent these undesirable
plastic mechanisms from forming and leading to collapse of the structure. Furthermore,
nonlinear analyses of structures greater than four stories with strength ratios of 2.0 or greater
have shown story mechanisms to still occur (Haselton et al., 2011; Ibarra & Krawinkler,
2005). It is unclear whether complete prevention of story mechanisms is possible or even
necessary in tall buildings. To achieve a complete building mechanism, the required SCWB
ratio may be greater than is acceptable to the project sponsor.

1.2 Objective

The objective of this study is to investigate the role SCWB ratios have on the performance
of tall buildings. Collapse capacities of structures have been used as a way to quantify and
compare their performances. It has been shown that SCWB ratios have a significant effect
on collapse capacity, thus this study will investigate the performance of tall buildings with
varying SCWB strength ratios subjected to far-field ground motions scaled to collapse of the
structure using an incremental dynamic analysis approach and to present the reader with
information as to how much of an increase in performance one can expect given an increase
in the SCWB strength ratio. This will be achieved through the review of previous research
and the analytical modeling and analyses of the various structures.
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1.3 Scope

This study encompasses reinforced-concrete special moment-resisting-frame structures rang-
ing in height from 12- to 24-stories. All buildings have perimeter frames as lateral force re-
sisting systems. Any lateral resistance provided by the gravity framing is neglected. SCWB
ratios range from 1.2 (as prescribed by the current code) to 2.0 (any higher would seem
unreasonable to expect a practitioner to implement). This study is limited to one plan
configuration from which all structures are built, situated on a firm-soil site Class C.

1.4 Organization

Chapter 2 provides a review of previous literature on the subject of SCWB strength ratios,
giving an overview of some of the building code requirements currently in use, summarizing
the findings of SCWB ratio recommendations to date as well as the previously investigated
effects of SCWB ratios on performance. Chapter 2 also reviews the hysteretic model and
collapse capacity method used in the evaluation of the structures.

Chapter 3 provides the methodology used in this study: the layout of the structure, the
mathematical model, seismic analysis and design of the model, and the analysis of the results
of the incremental dynamic analysis.

Chapter 4 introduces the buildings under investigation, providing the plan layout and
frame details and ultimately the SCWB strength ratios for each structure.

Chapter 5 presents and discusses the results from the collapse capacity analysis of each
structure, including collapse capacity, collapse margin ratio, collapse fragility curves, and
failure mechanisms for each structure. A comparison of two definitions of SCWB ratios to
measure performance of a structure is also presented.

Chapter 6 summarizes the research done and explores future research possibilities.

2



Chapter 2

Literature Review

2.1 Strong-Column Weak-Beam Ratios in Use

The intent of the strong-column weak-beam (SCWB) provisions found in many codes is to
reduce yielding of columns above the ground floor in moment-resisting frames, thus avoiding
excessive local ductility demands and the subsequent formation of story mechanisms. There
is, however, little consensus among the codes and current literature as to what that strength
ratio should be to create a strong-column weak-beam condition.

Recommendations for the strength ratio differ among various building codes. The Cana-
dian Standards Association (CSA, 2004) only requires that the sum of the nominal moments
of the columns taken at the center of the joint be greater than or equal to the sum of the
probable moments of the beams taken at the center of the joint, that is a SCWB ratio of
one. ACI 318-14 (2014) states that at the face of a joint the sum of the nominal moments
of the columns framing into the joint shall be greater than the sum of the flexural strengths
of the beams by a factor of 1.2, while the Eurocode (Eurocode 8, 2004) requires a factor of
1.3 for the column-to-beam design flexural strength ratio.

Also with a minimum SCWB ratio of 1.3, a more involved approach is taken by the New
Zealand building code (NZS:3101, 2006; Paulay & Priestley, 1992). The upper floors are
more significantly effected by the higher modes than the lower floors, as are buildings with
longer periods, therefore the dynamic magnification factor is varied over the height of the
structure and according to the period of the building as follows.

For columns of one-way frames:

ωmax = 0.5T1 + 0.85

where

1.3 ≤ ωmax ≤ 1.8

(2.1)

with ωmax applied starting at a third of the building height up to two floors below the
top level, and varies linearly from 1.0 at the ground level to ωmax, and from the top floor
down to ωmax, as shown in Figure 2.1.

Though a specific SCWB ratio has yet to be agreed upon, there is agreement that current
SCWB code requirements do not inhibit story mechanisms from occuring, especially in taller
buildings, and that the higher the column yielding extends in the structure, the better the

3
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Figure 2.1: New Zealand Standards Dynamic Magnification Factor, ω

structure can be expected to perform. Among those suggesting higher SCWB ratios, the
Structural Engineering Association of California recommends a higher ratio of about two in
their Blue Book article, Reinforced Concrete Structures , while Durrani and Wight (1985)
recommend 1.5. Dooley and Bracci (2001) studied the response of three- and six-story
buildings to 20 design level ground motions and found that a “minimum strength ratio of
2.0 might be more appropriate” and that increasing strength not stiffness was more beneficial.
Using a column-to-beam strength ratio of 1.2, the probability of forming a story mechanism
was approximately 90%. Increases beyond 2.0 did little to improve performance.

Kuntz and Browning (2003) took a top down approach, reducing girder strengths from
the top floor to as far down as the middle of the structure in structures four to sixteen stories
tall. The reduction value, Rg, varied from approximately 1.6 to 2.7 in the upper girders,
with a general trend of increased Rg with increase in number of stories. This alternatively
can be thought of as increasing the α factor (similar to the SCWB ratio) up the height of
the structure.

Haselton et al. (2011) also studied the effects that the SCWB ratio has on the seismic

4



performance and the risk of collapse of buildings. Using ground motions scaled to a rare event
level spectral shape and studying four-story and 12-story structures, they found 1.2 is fine for
four-story buildings, but that a complete building mechanism was not realized until a ratio
of 2.0 was used. For the 12-story structure, the building performance continued to improve
through to a ratio of 3.0, beyond which no studies were performed. They suggested the
SCWB ratio could be height dependent, and that it may help to vary the SCWB ratio over
the height of the structure, with larger ratio starting at the lowest level. This is contradictory
to the findings of Kuntz and Browning (2003).

Ibarra and Krawinkler (2005) studied the global collapse of frame structures nine to
18 stories tall. Their models with infinitely strong columns exhibited very large column
moments when the beams reached their bending strength. They found the SCWB ratio
would need to be greater than three to avoid hinges occurring in the columns. They also
modeled structures with more conventional SCWB ratios of 2.4, 1.2 and 1.0. Compared to
the infinitely strong column models, these structures had greatly reduced collapse capacities
with columns forming plastic hinges long before the collapsing mechanism occurred.

It is apparent that current SCWB design criteria should be reviewed (Ibarra & Krawin-
kler, 2005; Haselton, Goulet, et al., 2008; Building Seismic Safety Council of the National
Institute of Building Sciences, 2009).

2.2 Hysteretic Model

To simulate the behavior of structures undergoing large ground motions, models are con-
structed in Opensees, the Open System for Earthquake Engineering Simulation (McKenna
et al., 2000). These models need to account for the high degree of nonlinearity the structures
are expected to experience. By design, the moment-resisting frames of these structures are
expected to yield in moment either in the beams or columns, thus modeling the nonlinearity
comes down to modeling the moment-rotation relationships at the end of the elements.

Many hysteretic models have been proposed, but the model employed here was developed
by Ibarra and Krawinkler (2005). Building on the Clough material, their model incorporates
strength deterioration and cyclic deterioration of strength and stiffness. The backbone curve
of their model is shown in Figure 2.2 and is defined by the following:

• The initial stiffness - Ke

• The hardening stiffness - Ks = αsKe

• The post capping stiffness - Kc = αcKe

• The yield moment - My

• The residual strength branch - Mr = λMy

• The capping plastic rotation - Θcp

• The post capping rotation - Θpc

5
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Figure 2.2: Moment-Rotation model developed by Ibarra, Medina, and Krawinkler.
(Adapted from Haselton and Deierlein)

Several equations have been proposed for estimating the various quantities needed to
describe this moment-rotation relationship. In particular, Fardis and Haselton calibrated
empirical equations based on large databases of monotonic and cyclic uniaxial tests (Fardis
& Biskinis, 2003; Haselton, Liel, Lange, & Deierlein, 2008).

Fardis and Biskinis (2010) derived the following expressions.
For members with rectangular or T-compression zone sections, the yield curvature is the

smaller of:

φy =
fy

Es(1− ξy)d

φy =
εc
ξyd
≈ 1.8fc
Ecξyd

(2.2)

where ξy is defined as:

ξy = (α2A2 + 2αB)
1/2 − αA (2.3)

If the yield curvature is governed by the steel, then A and B are given as:

A =
b

bw

(
ρ1 + ρ2 + ρv +

N

bdfy

)
+

1

α

t

d

(
b

bw
− 1

)
B =

b

bw

(
ρ1 + ρ2δ

′ +
ρv(1 + δ′)

2
+

N

bdfy

)
+

1

2α

(
t

d

)2(
b

bw
− 1

) (2.4)
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Otherwise:

A =
b

bw

(
ρ1 + ρ2 + ρv −

N

εcEsbd

)
+

1

α

t

d

(
b

bw
− 1

)
B =

b

bw

(
ρ1 + ρ2δ

′ +
ρv(1 + δ′)

2

)
+

1

2α

(
t

d

)2(
b

bw
− 1

) (2.5)

Finally, the yield moment is given as:

My

bd3
=φy

[
Ec

[
ξ2
y

2

(
1 + δ′

2
− ξy

3

)
bw
b

+

(
1− bw

b

)(
ξy −

t

2d

)(
1− t

2d

)
t

2d

]

+
Es (1− δ′)

2

[
(1− ξy) ρ1 + (ξy − δ′) ρ2 +

ρv
6

(1− δ′)
] ] (2.6)

Along with the above equations, Fardis and Biskinis (2003) also developed predictive
equations for monotonic and cyclic rotations. For one, the ultimate rotation is given as:

Θu = αst (1− 0.43acy) (1 + 0.5asl) (0.3ν) . . .(
max(0.01, ω′)

max(0.01, ω)
cunitsfc

).225(
min

(
9,
Ls
h

)).35

25(αρs
fyw
fc

)
(2.7)

Haselton, Liel, et al. (2008) also developed empirical equations based on the element
model developed by Ibarra, Medina, and Krawinkler (2005) and implemented in Opensees
by Altoontash (2004). Haselton, Liel, et al. (2008) used the cyclic and monotonic tests
from the Structural Performance Database by the Pacific Earthquake Engineering Research
Center to calibrate the variables needed for the element model. In addition to developing
these predictive equations, they also included the standard deviations of those calibrations.

The following are the results of their calibrations. Starting with the capacity of the
plastic rotation:

Θcp = 0.12 (1 + 0.55asl) (0.16)ν (0.02 + 40ρsh)
0.43 (0.54)0.01cunitsf

′
c (0.66)0.1sn (2.27)10.0ρ (2.8)

where asl is the bond-slip indicator, ν is the axial load ratio, ρsh is the transverse rein-
forcement ratio, s is stirrup spacing, db the longitudinal rebar diameter, fy the longitudinal
rebar yielding strength, and cunits is a conversion variable from MPa to ksi units. Finally, sn
is a rebar buckling coefficient given by:

sn =

(
s

db

)(
cunitsfy

100

)0.5

(2.9)

To account for imbalances in top and bottom longitudinal reinforcement, Equation 2.8
is factored by max

(
0.01, ρ

′fy
f ′c

)
max

(
0.01, ρfy

f ′c

)
0.225

(2.10)
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Figure 2.3: A comparison of the rotations predicted by Haselton and Fardis

adopted from Ibarra et al. (2005).
For the post-capping rotation:

Θpc = (0.76) (0.031)ν (0.02 + 40ρsh)
1.02 ≤ 0.10 (2.11)

A comparison of these predicted rotation equations can be seen in Figure 2.3.
To predict the capping moment capacity:

Mc/My = (1.25) (0.89)ν (0.91)0.01cunitsf
′
c (2.12)

Assuming zero deterioration for both the accelerated stiffness and unloading stiffness
modes, Haselton, Liel, et al. (2008) gave a simplified equation for the cyclic energy-dissipation
capacity:

λ = (170.7) (0.27)ν (0.10)s/d (2.13)

For c, the exponent defining the rate of cyclic deterioration, Ibarra and Krawinkler assume
a value of 1.0, believing it to have little effect on the response of the structure (Ibarra &
Krawinkler, 2005).

The last value needed to describe the backbone curve is the initial stiffness. Many sug-
gestions are available for approximating the initial stiffness of a reinforced concrete member.
FEMA 356 (2000) states that for columns with an axial load ratio ≥ 0.5, the flexural stiffness
shall be 0.7EcIg, where the axial load ratio is ≤ 0.3 the flexural stiffness shall be 0.5EcIg
with a linear transition between the two. Haselton and Deierlein (2008) also developed an
equation to predict the ratio for the effective stiffness, which includes a term for shear span:

EIy
EIg

= −0.07 + 0.59

(
P

Agf ′c

)
+ 0.07

(
Ls
H

)
0.2 ≤ EIy

EIg
≤ 0.6 (2.14)
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Elwood and Eberhard examined the results of 221 column tests and concluded that
FEMA overestimated the lower bound (Elwood & Eberhard, 2009). They proposed an
equation to estimate the column flexural stiffness, but for the purposes of this study, a
simplified version proposed by Elwood et al. (2007) as an update to ASCE/SEI 41 is used,
namely:

EIeff/EIg =


0.3 if P

Agf ′c
≤ 0.1

P
Agf ′c

+ 0.2 if 0.1 ≤ P
Agf ′c

≤ 0.5

0.7 if P
Agf ′c

≥ 0.0.5

(2.15)

2.3 Collapse Capacity

Vamvatsikos and Cornell (2002) proposed incremental dynamic analysis (IDA) as a method
for determining the collapse capacity of a structure. IDA is the analysis method in which a
structure is subjected to one or more ground motions scaled incrementally to create curves
of an engineering demand parameter versus an intensity measure. The ground motions are
scaled until a collapse occurs. Collapse can be defined in various ways, but for the purpose of
this research, the structure is considered to have collapsed when the limit state of maximum
story drift exceeds 10% (Vamvatsikos & Cornell, 2002; FEMA P695, 2009). The spectral
acceleration at the first period of the structure has been chosen as the intensity measure.
Thus the median collapse capacity is the spectral acceleration at which half of the ground
motions have caused collapse.

The results from the IDA can be expressed in terms of a collapse fragility curve. First, it
is assumed that a lognormal distribution represents well the nonlinear response data (Ibarra
& Krawinkler, 2005; Shome, 1999). The collapse capacity data are fitted to a continuous
distribution using the method of maximum likelihood (Ang & Tang, 1973). The maximum
likelihood estimators for λ̂ and ξ̂ for the lognormal distribution are given as:

λ̂ =
1

n− 1

n∑
i=1

ln xi (2.16)

ξ̂2 =
1

n− 1

n∑
i=1

(
ln xi − λ̂

)2

(2.17)

resulting in the lognormal probability density function

f(x) =
1√

2πξx
exp

[
−1

2

(
ln x− λ

ξ

)2
]

(2.18)
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Chapter 3

Methodology

To determine the effects that SCWB strength ratios have on collapse capacities of buildings,
several buildings with differing SCWB ratios and heights are analyzed. Median collapse
capacity values are obtained for each structure as a point of comparison among SCWB ratios
as well as a comparison against MCE ground motion intensities. The following methodology
used to obtain these values is based on that given for performance evaluation set forth in
FEMA P695.

3.1 Building Description

For this study of reinforced-concrete frame structures, three building heights are selected:
12-, 18-, and 24-stories. For each height, several buildings are designed with varying SCWB
ratios. All designs are developed from a single floor plan: a perimeter reinforced concrete
moment-resisting-frame structure. Figures 3.1 and 3.2 show a typical floor plan and elevation.
The height of the first story is 15 ft and the height of the remaining floors is 13 ft. The
gravity system consists of an 8 in. concrete slab at each level supported by columns spaced at
20 ft on center. The lateral force resisting system consists of two four-bay moment-resisting
frames in each direction. As seen in the plan view, the frames are configured such that the
exterior columns are not required to act in biaxial bending. The buildings were designed
thus so that this study could build on work done by Haselton and Deierlein (2008).

3.2 Mathematical Model

To investigate the effects of the SCWB ratios on structures of various heights, models are
developed in OpenSees (McKenna et al., 2000). A balance between accuracy and efficiency
of the model is desired as each structure must undergo multiple nonlinear dynamic analyses
to complete an incremental dynamic analysis (IDA) and obtain the collapse capacity. The
building is condensed to a single lateral-load resisting frame (in the longer direction) and a
P-delta column. The lateral-load resisting frame carries the gravity load within its tributary
area, while the P-delta column carries the weight of half the structure minus the load carried
by the frame. The stiffness contributed by the gravity framing is ignored. The slabs are
assumed to act as rigid diaphragms, which is simulated in Opensees by tying together all

10
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Figure 3.1: A plan view of a typical floor.

4 @ 20'

15'

11 @ 13'

Figure 3.2: Elevation of the 12-Story Moment-Resisting-Frame
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nodes on each floor using the multi-point equalDOF constraints command. The base of the
columns are assumed to be fixed and are modeled as such.

Beam Model Selection

Several assumptions were made in modeling the beams. The distributed load and consequent
bending moments were accounted for in the design but not modeled in the analysis, though
gravity loads were accounted for as lumped masses and loads at the beam-column nodes. It
was also assumed the beam elements would not experience significant changes in the axial
force while undergoing lateral loading from a ground motion. In addition, plastic hinges
were determined by static analysis to form at the ends of the beams and the possibility of
yielding in mid-span need not be considered. Nonlinear shear was not modeled.

Fardis and Haselton, (Fardis & Biskinis, 2003; Haselton, Liel, et al., 2008) developed
predictive equations to dictate the moment-rotation relationship of the element. This re-
lationship can be modeled using the ModIMKPeakOriented material model developed by
Ibarra et al. (2005) and implemented in Opensees by Lignos and Krawinkler (2012). Six
quantities describe the material model: initial stiffness Ky, yielding moment, My, strain
hardening ratio proportional to the initial stiffness, αs, residual moment factor, ResFac,
post-capping stiffness ratio, αc, and plastic rotation capacity, θcp.

To implement the moment-rotation relationship and, subsequently, the material model,
each beam is constructed of five components: two semi-rigid elastic elements create the joint
offsets equivalent to half the width of the column, two zero-length springs accommodate
the plastic hinges and an elastic beam-column element models the center portion of the
beam. Setting aside the joint offsets, the beam is now represented by three elements in
series, thus modifications to the moment-rotation relationship must be made such that the
original stiffness of the beam is maintained. Assuming the beam will be subjected to double-
curvature bending, the stiffness is Kmem = 6EIbeam/Lbeam. Using a spring to beam-column
element stiffness ratio of n = 10, as suggested by Ibarra et al. (2005), such that the spring
stiffness is larger than the beam-column element, Ks = nKbc, the stiffness of the individual
components with regard to the original element can now be determined. As presented in
Ibarra et al. (2005), the following modifications are required for the ModIMKPeakOriented
material model for the springs:

Kbc =
n+ 1

n
Kmem

Ks = (n+ 1)Kmem

(3.1)

The strain-hardening and post-capping slopes become

αs =
α

1 + n(1− α)
(3.2)

The cyclic deterioration parameter becomes

γs = (n+ 1)γmem (3.3)

The plastic rotation capacity of the spring becomes

θcp,s = θcp −
(Mc −My)Lbeam

6EIbeam
(3.4)
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Lastly, from Zareian and Medina (2010), for the stiffness-proportional damping of the beam-
column element:

βbc =
n+ 1

n
β (3.5)

with the damping of the spring set to zero.

Column Model Selection

Ideally, the element chosen to represent the columns would be able to model the change in
axial forces (and thus change in stiffness) under seismic excitation as well as allow for the
moment-rotation relationship to be explicitly defined. Such an element does not currently
exist in OpenSees. Although fiber models are able to represent effects of varying axial loads,
simulation using such models would be prohibitively slow. Therefore, it was decided to use
the previously discussed predictive equations. They represent a large base of knowledge and
are easily implemented. Therefore, the change in axial load is ignored and the column is
modeled in a manner similar to the beams; an elastic beam-column element with a zero-
length spring at each end. No joint offsets were implemented in the columns and nonlinear
shear was not modeled. Second-order P-Delta effects were taken into account through the
P-Delta type of geometric transformations for the columns.

Joints

Joints were modeled by offsetting the beam ends by a distance equal to the total joint width.
This was done so that the beam-with-hinges element would model the appropriate moment
for use in the moment-curvature relationship. Using rigid joint offsets equal to half the width
of the joint would have accounted for the joint flexibility, acknowledging that joints do not
behave as rigid blocks. However, offsetting the joints by only half the width places the plastic
hinge section of the beam inside the joint, and the local force recorders would overestimate
the moment (and subsequent rotation) occurring in the plastic hinge region. Implementing
a more complex model of the joints is not practical in the analysis of a tall structure. The
increase in the number of nodes and elements would be too large, and the computational
cost would outweigh the increase in accuracy gained by those models.

Figure 3.3 depicts an example the moment-curvature response in the springs of the ends
of the elements framing into the middle joint of the second floor of the 12-story, 1.8 SCWB
ratio structure from the 1100838 ground motion. This particular ground motion caused a
failure mechanism incorporating the first two floors. The figure shows the corresponding
yielding occurring in the beams necessary for this collapse mechanism.

3.3 Earthquake Analysis

Seismic Ground Motion Values

This study uses the building site identified by the Tall Buildings Initiative (TBI), (Moehle
et al., 2011). The TBI set of ground motions contain the appropriate range of frequency
content for the assessment of tall structures. A full description of the location and faults can
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Figure 3.3: Moment-curvature of element ends framing into second floor, third column joint

be found in Moehle et al. (2011). The building is presumed to be located in Los Angeles at
latitude: 34.05, longitude: -118.25 on a site classified as a Site Class C soil type. From the
2005 ASCE 7 standard, the mapped acceleration parameters are given as SS = 2.159 and
S1 = 0.723. Adjusting for the appropriate site class, the maximum considered earthquake
(MCE) spectral response acceleration parameters become SMS = FaSS = (1.0)(2.159) =
2.159 and SM1 = FvS1 = (1.3)(0.723) = 0.94. The MCE is reduced by 2/3 to obtain the
design response spectrum shown in Figure 3.4, where SDS = 1.44 and SD1 = 0.627.

Ground Motions

The five sets of 15 pairs of ground motions from the TBI were chosen for the dynamic
analysis of the models. These were obtained by the TBI through probabilistic seismic hazard
disaggregation of the site defined above. The selection and scaling of the ground motions
from the Next Generation Attenuation database had the following criteria: the maximum
source distance was 100 km, the maximum shear wave velocity was between 180 to 1200 m/s,
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Figure 3.4: DBE response spectrum

damping was 5%, the error between the target spectrum and the geometric mean spectrum
of the recording was weighted for periods between 3.0 and 7.0 s, no more than two recordings
from a given event were used, and the sampling rate was decreased to 25 samples per second
(Moehle et al., 2011). The five sets represent five seismic hazard levels ranging in return
periods of 25, 43, 475, 2475, and 4975 years; the sets were named SLE-25-NEW, SLE-43-
NEW, DBE-NEW, MCE-NEW, and OVE-NEW respectively. For the sake of simplicity,
NEW will be omitted in future references to these sets. Tables 3.1, 3.2, and 3.3 provide lists
of the ground motions of the last three sets. Also for each of the three sets, response spectra
plots for the 30 ground motions from the 15 pairs along with their median and target spectra
can be seen in Figures 3.5, 3.6, and 3.7. The 15 pairs of ground motions are each treated as
two individual, unrelated ground motions and are applied to the two-dimensional frame in
30 separate scenarios.

Design

The initial design of each building was done using the modal response spectrum analysis
method per ASCE/SEI 7-05 (American Society of Civil Engineers, 2006). This will be
elaborated upon in chapter 4.

Nonlinear Static (Pushover) Analysis

A nonlinear static (pushover) analysis is performed on each structure to obtain various values
needed for the collapse evaluation. An inverted triangular load pattern is applied to the side
of the structure to produce the pushover curves. As an example, Figure 3.8 shows the
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Figure 3.7: OVE response spectra

pushover curve for the 12-story, 1.2 SCWB ratio structure. FEMA P695 (2009) derives from
this graph some of the quantities needed for the collapse assessment, including the maximum
base shear, Vmax, and the ultimate displacement, δu. The ultimate displacement is defined
as the displacement of the roof when the base shear has dropped to 80% of Vmax. The period
based ductility of the structure, µT , is defined as the ratio of the ultimate roof displacement
to the effective yield displacement and is used later to adjust the collapse fragility curve to
account for the spectral shape.

µT =
δu

δy,eff
(3.6)

FEMA P695, however, does not use the plot to obtain the yield displacement but rather
defines the yield displacement as:

δy.eff = CO
Vmax
W

[ g

4π2

]
(max (T, T1))2 (3.7)

where W is the weight of half of the structure, g is the gravity constant, T is the fundamental
period as defined by ASCE/SEI 7-05, (T = CuTa = CuCth

x
n; for concrete moment-resisting

frames, Ct = 0.016 and x = 0.9) and T1 is the fundamental period computed from the
nonlinear models. CO is calculated as

CO = φ1,r

∑N
1 mxφ1,x∑N
1 mxφ2

1,x

(3.8)

Shown as the dashed blue line in Figure 3.8, this method of calculating the yield dis-
placement overestimates the initial stiffness of the structure. Therefore, for the purpose of
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Figure 3.8: Nonlinear static pushover curve for the 12-story structure

this study, the yield displacement is obtained by passing a line through the plot at 0.7Vmax
and defining δy as the point at which the line intersects Vmax.

Incremental Dynamic Analysis

The incremental dynamic analysis (IDA) discussed earlier is performed using the OVE set
of ground motions, the strongest of the sets. Each ground motion is scaled up to the point
at which a small increase in Sa results in a large increase in maximum interstory drift for
that individual record. At this juncture, the plot of the IDA curve becomes a flat line.
The building is considered to have collapsed under a given scaled ground motion when the
resulting maximum interstory drift ratio meets or exceeds 10%. (It is recognized that this
is an unreasonably large value, but is simply being used to define failure, though failure
would most probably occur sooner.) The corresponding Sa is the collapse capacity of that
structure for that ground motion.

3.4 Analysis of Results

Median Collapse Intensity and Collapse Margin Ratio

From the IDA comes the median collapse capacity, ŜCT , the spectral acceleration at which
one-half of the ground motions have caused the structure to collapse as defined above. ŜCT
can be found by calculating the exponent of λ̂ from Equation 2.16. The MCE level spectral
acceleration, SMT , is taken from the MCE target spectrum at the period of the building
derived from the eigenvalue analysis. Taking the ratio of the two values, one obtains the
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collapse margin ratio, CMR:

CMR =
ŜCT
SMT

(3.9)

Accounting for Uncertainty

Four types of uncertainty are accounted for in the development of the collapse fragility
curve: record-to-record variability, design requirements, test data, and archetype or modeling
uncertainty.

Record-to-record variability comes inherently from the selection of ground motions. Due
to the use of a ground motion set other than the set provided in FEMA P695, the uncertainty
from record variability, βRTR, is taken directly from the results of the IDA, and not as
βRTR = 0.40 given for the Far-Field ground motion record set.

The three remaining contributors of uncertainty are determined by quality ratings out-
lined in FEMA P695. A value of βDR = 0.10 is chosen for the design requirements uncertainty
based on a high level of confidence in the extensively used design code implemented in the
design of the structures. Reinforced concrete is a thoroughly-tested and widely used material
thus enabling an uncertainty value of 0.10 for βTD. Lastly, the archetype design space con-
sists of just one model, namely the structure under consideration, so it therefore represents
the entire design space. In addition, the model represents well the nonlinear behavior of the
plastic hinges. It does not, however, model every aspect of the building, including joints,
foundations and axial-flexural interaction in columns. It is rated good, with βMDL = 0.20.

The above four values are combined through the square root of the sum of the squares
to obtain a total value of uncertainty, βTOT :

βTOT =
√
β2
RTR + β2

DR + β2
TD + β2

MDL (3.10)

Figure 3.9 depicts the change in the fragility curve when additional uncertainty is added
to the inherent record-to-record uncertainty. Note, as the uncertainty increases, so does the
probability of collapse given an MCE hazard level, which decreases the CMR. The median
collapse intensity does not change.

Accounting for Spectral Shape

Baker and Cornell (2006) suggests that in addition to magnitude and distance the shape of
the response spectrum should be considered when selecting ground motions for dynamic re-
sponse history analysis. They have shown that accounting for spectral shape given a specific
site and structure affects the collapse capacity of that structure. However, this additional
parameter is dependent upon knowledge of the period of the structure, and therefore con-
sideration of spectral shape becomes difficult when one wishes to use the same set of ground
motions for buildings of various heights, as in the case of this study. To circumvent this
problem, Baker and Cornell (2006) developed a method by which the fragility curve can
be adjusted after the IDA has been performed. This method, as outlined in FEMA P695,
uses the period-based ductility, defined previously, and the period of the structure to pick
a scaling factor to adjust the CMR. Figure 3.10 shows the impact of accounting for spec-
tral shape on the fragility curve. Adjusting the collapse margin ratio moves the curve to
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Figure 3.9: Collapse fragility curves demonstrating effects of changes in uncertainty

the right, increasing the median collapse intensity and decreasing the probability of collapse
given an MCE level event.

3.5 Performance Evaluation

To determine the benefit of and appropriate value for the SCWB strength ratios, several
buildings are evaluated using the method given above. Several building heights are selected,
and for each height several iterations of the same building are designed and analyzed with
increasing SCWB ratios. Having obtained values for the collapse capacity and CMR as
measures of performance of each structure, one can evaluate a structure and draw compar-
isons as SCWB ratios change. Assuming increases in SCWB ratios equates to increased
performance, the question becomes how much of an increase in performance must occur for
the increase in SCWB ratios to be justified.

The definition by which the SCWB ratio is calculated can also be evaluated. The following
are two ways SCWB ratios can be defined. The SCWB ratio can be defined as the summation
of the moment strengths of the columns at each joint divided by the sum of the strengths of
the beams at the same joint, as is the definition in ACI-318 (ACI 318-14, 2014). Alternatively,
the ratio can be defined as the summation of all the moment strengths of the columns framing
into the bottom of the joints divided by the sum of all the moment strengths of the beams
framing into the joints at the level. This method will be referred to as the alternate method.
Using similar buildings with identical SCWB ratios, but distributing the column and beam
strengths differently, one can examine whether requiring the SCWB ratio rule to comply at
each joint or whether averaging over the floor would be a better measure of the performance
of the structure.
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Chapter 4

Buildings under Investigation

Fifteen buildings are examined for this study: five SCWB ratios (1.2, 1.4, 1.6, 1.8, and 2.0) at
three different heights (12−, 18−, and 24−stories). All buildings share the same floor plan.
The lateral force resisting system consists of two four-bay independent special moment-
resisting perimeter frames in each direction. The gravity system consists of an 8 in. concrete
slab at each level supported by columns spaced at 20 ft on center. Figure 4.1 depicts the
plan view. For this study, only one lateral frame (Figure 4.2) is modeled, namely the frame
in the longer direction, such that all columns have the same gravity load and no column
experiences biaxial bending.

To design the frames, the demands are obtained from a modal response spectrum analysis
per ASCE/SEI 7-05 (American Society of Civil Engineers, 2006) of an elastic model in
OpenSees. This version of the code includes the minimum base shear provision. The results
from each modal pushover are combined using the complete quadratic combination (CQC)
rule. The modal base shear (Vt) ends up less than 85% of the calculated base shear (V ), so
the results are multiplied by 0.85 V

Vt
.

The frame members are designed according to ACI 318-08 (ACI 318-08, 2008). Some

6 @ 20'

4 @ 20'

Figure 4.1: Plan view of a typical floor.
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simplifications are made in the design process to facilitate the design of fifteen buildings.
The inelastic numerical models use the exact reinforcement ratios required to meet the beam
moment demands from the modal pushover analysis rather than selecting a number and size
of reinforcement bars greater than or equal to the needed reinforcement ratio. To account for
this missing overstrength usually inherent in the design of a building, the moment demands
on the beams are multiplied by 1.2. Because the moment strength of the beams drive the
design of the shear strength in the beams and the moment, and thus shear strength, in the
columns, this approximate overstrength factor carries over to the design of the rest of the
building. No other overstrength factors are used.

Another simplification is to assume moment demands from the beams distribute equally
between the upper and lower columns framing into the joint. To design the columns to
withstand the moment demands from the beams and the axial force from the modal pushover
analysis, the moment-axial interaction diagram is simplified to two lines, the points of which
are (0, Pmin), (Mmax, Pb) and (0, Pmax). The reinforcement ratio can then be solved
for directly, forming the triangle within which the demands need to fall. This conservative
approach introduces another layer of overstrength in the design. The shear strength of the
columns is calculated assuming no contribution from the concrete.

Comparing the design base shear to that from the nonlinear pushover demonstrates the
extent of the overstrength incorporated into the design. Table 4.1 compares V , the design
base shear, to Vmax, the maximum base shear from the nonlinear pushover analysis.
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Table 4.1: Comparison of Design Base Shear and Maximum Pushover Base Shear

Building
Design Base Shear Pushover Shear Strength

kips kips

12-Story 415 874
18-Story 706 1270
24-Story 978 1640
30-Story 1292 2280

4.1 12-Story Structures

The gravity columns for the 12-story structures measure 24 x 24 in. Figures 4.4 through 4.8
show the dimensions and properties for the beams and columns of the lateral load resisting
frames. The reinforcement ratios for the exterior columns of the lateral load resisting frames
are initially controlled by the minimum reinforcement ratio. Only when the SCWB ratio
exceeds 1.6 does the strength needed for the SCWB ratio determine the reinforcement ratio
of these columns. The demands from the modal pushover analysis dictate the reinforcement
ratios for the bottom exterior columns; these joints always exceed the target SCWB ratio.
The fundamental period of the 12-story structure is 3.65 sec and only decreases slightly as
the SCWB ratios increase. Figure 4.3 shows the SCWB ratios achieved at each joint given
the design constraints, as well as the mean SCWB ratio of each floor, and the SCWB ratio
calculated according to the alternate method.
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Figure 4.4: Dimensions and Properties of the 12-Story, 1.2 SCWB ratio Structure
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Figure 4.5: Dimensions and Properties of the 12-Story, 1.4 SCWB ratio Structure
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Figure 4.6: Dimensions and Properties of the 12-Story, 1.6 SCWB ratio Structure
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Figure 4.7: Dimensions and Properties of the 12-Story, 1.8 SCWB ratio Structure
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Figure 4.8: Dimensions and Properties of the 12-Story, 2.0 SCWB ratio Structure
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4.2 18-Story Structures

The gravity columns for the 18-story structures measure 26 x 26 in. over the first six stories,
then decrease to 24 x 24 in. for the remainder of the stories. Figures 4.10 through 4.14
show the dimensions and properties for the beams and columns of the lateral load resisting
frames. The reinforcement ratios for the upper exterior columns of the lateral load resisting
frames of these buildings are also initially controlled by the minimum reinforcement ratio.
Only when the SCWB ratio reaches 1.8 does the strength needed for the SCWB ratio start
to determine the reinforcement ratio for the top half of the exterior columns. The demands
from the modal pushover analysis dictate the reinforcement ratios for the bottom exterior
columns; these joints always exceed the target SCWB ratio. The fundamental period of the
18-story structure is 3.94 sec. Figure 4.9 shows the SCWB ratios for each joint, as well as the
mean SCWB ratio of each floor, and the SCWB ratio calculated according to the alternate
method.
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Figure 4.10: Dimensions and Properties of the 18-Story, 1.2 SCWB ratio Structure
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Figure 4.11: Dimensions and Properties of the 18-Story, 1.4 SCWB ratio Structure

37



Ext Col
Dim

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

h(in.) =
b(in.) =

48
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

36
30

36
30

36
30

36
30

36
30

36
30

Int Col
Dim

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

42
36

36
30

36
30

36
30

36
30

36
30

36
30

h(
in

.)
 =

b(
in

.)
 =

38 24
38 24

38 24
38 24

38 24
38 24

38 24
32 24

32 24
32 24

32 24
32 24

28 24
28 24

28 24
28 24

28 24
28 24

Bay Width = 20 ft

h 1=

15
 f

t

h n=

13
 f

t

(a) Dimensions

Ext Col
Prop

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

ρ =
f
c
 =

0.0150
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0100
5

0.0106
5

0.0112
5

0.0109
5

0.0100
5

0.0100
5

0.0100
5

Int Col
Prop

0.0162
5

0.0199
5

0.0204
5

0.0204
5

0.0202
5

0.0200
5

0.0200
5

0.0217
5

0.0134
5

0.0231
5

0.0133
5

0.0221
5

0.0220
5

0.0287
5

0.0217
5

0.0247
5

0.0166
5

0.0185
5

ρ 
(1

0−
4 )=
f c =

10
6

5
11

3
5

11
2

5
11

0
5

10
6

5
10

4
5

10
5

5
13

3
5

13
4

5
12

9
5

12
4

5
11

9
5

13
9

5
13

4
5

12
0

5
10

4
5

86 5
62 5

(b) Properties

Figure 4.12: Dimensions and Properties of the 18-Story, 1.6 SCWB ratio Structure
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Figure 4.13: Dimensions and Properties of the 18-Story, 1.8 SCWB ratio Structure
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Figure 4.14: Dimensions and Properties of the 18-Story, 2.0 SCWB ratio Structure
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4.3 24-Story Structures

The gravity columns for the 24-story structures measure 30 x 30 in. for the first twelve stories,
then decrease to 24 x 24 in. for the remaining twelve stories. Figures 4.16 through 4.20 show
the dimensions and properties. Similar to the previous buildings, the reinforcement ratios
for the exterior columns of the lateral load resisting frames of these buildings are initially
controlled by the minimum reinforcement ratio, but only for the 1.2 SCWB ratio. When
the SCWB ratio is 1.4 or higher, most of the upper joints are able to meet the target ratio.
However, a combination of minimum reinforcement ratios and modal pushover demands still
dictate the SCWB ratios in the lower half of the structure. The fundamental period of the
24-story structure is 4.79 sec, only decreasing slightly as the lateral load resisting columns
increase to accommodate the greater reinforcement ratios needed for the larger SCWB ratios.
Figure 4.15 shows the SCWB ratios at each joint, as well as the mean SCWB ratio of each
floor, and the SCWB ratio calculated according to the alternate method.
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Figure 4.16: Dimensions and Properties of the 24-Story, 1.2 SCWB ratio Structure
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Figure 4.17: Dimensions and Properties of the 24-Story, 1.4 SCWB ratio Structure
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Figure 4.18: Dimensions and Properties of the 24-Story, 1.6 SCWB ratio Structure
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Figure 4.19: Dimensions and Properties of the 24-Story, 1.8 SCWB ratio Structure
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Figure 4.20: Dimensions and Properties of the 24-Story, 2.0 SCWB ratio Structure
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Chapter 5

Results

Pushover analyses using an inverted triangular load are performed on all structures to obtain
various values needed for the computation of the probability of collapse and adjustment
factors. IDA analyses were performed to obtain the Sa at which collapse occurred and
construct the fragility curves. Select results from one of the time histories that compose the
IDA analyses are shown in section 5.2. Results and discussion of each structure will follow.

5.1 Typical Results from a Pushover Analysis

Figure 5.2 depicts the formation of hinges in the 12-story, 1.8 SCWB ratio structure at
increasing displacements of the nonlinear static pushover analysis. Neglecting the lateral
resistance provided by the gravity framing results in pushover curves with strongly negative
post-yielding stiffness, as can be seen in figure 5.1.

5.2 Typical Results from an Incremental Dynamic

Analysis

Figures 5.3, 5.4 and 5.5 depict typical results from a time history analysis. The results
presented in these figures come from the 12-story, 1.8 SCWB ratio structure excited by
ground motion 1900003. Figure 5.6 shows the results of the complete incremental dynamic
analysis utilizing all ground motions for the same 12-story, 1.8 SCWB ratio structure.
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Figure 5.1: Nonlinear Static Pushover 12-Story, 1.8 SCWB Ratio
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Figure 5.2: Hinge Formation at Various Levels of Displacement for the 12-Story, 1.8 SCWB
Ratio Pushover
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Figure 5.3: Ground Motion 1900003 Response Histories for the 12-Story, 1.8 SCWB Ratio
Structure
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Figure 5.4: Ground Motion 1900003 Base Shear and Moment versus Roof Displacement for
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Figure 5.5: Ground Motion 1900003 Frame and Hinges at 20, 30, 40, and 50 sec for the
12-Story, 1.8 SCWB Ratio Structure
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Figure 5.7: Nonlinear Static Pushover 12-Story, 1.2 SCWB Ratio

5.3 12-Story Structures

Figures 5.7 to 5.11 depict the curves obtained from the nonlinear static pushover analyses
of the 12-story structures. The maximum base shear increases as the SCWB ratio increases,
starting with Vmax = 874 kips for the 1.2 SCWB ratio and increasing to Vmax = 985 kips for
the 2.0 SCWB ratio. It should be noted that the design base shear was 605 kips, evidence of
the overstrength built into design process for these structures. The period based ductilities
increase from µT = 1.38 for the 1.2 SCWB ratio to µT = 2.07 for the 2.0 SCWB ratio.
As discussed in the methodology chapter, the dashed blue line in these figures depicts the
fundamental period as defined by FEMA P695; because this overestimates the stiffness of
the structures, for the purpose of this study, the yield displacement is instead obtained by
passing a line through the plot at 0.7Vmax and defining δy as the point at which the line
intersects Vmax. Figure 5.12 shows the mechanisms formed from the pushover analysis. The
failure mechanism does not spread beyond the first two stories even though the SCWB ratio
is nearly doubled.

Figures 5.13 to 5.17 show the fragility curves developed from the 30 ground motion
incremental dynamic analyses. The probabilities of collapse given a maximum considered
earthquake are P (C|MCE) = 38%, 24%, 17%, 9.5%, and 7.2% for SCWB ratios 1.2, 1.4,
1.6, 1.8, and 2.0 respectively. Adjusting for spectral shape, these probabilities become
P (C|MCE) = 29%, 17%, 9.9%, 4.8%, and 3.2%, respectively. As expected, increasing
the SCWB ratio decreases the probability of collapse (Figure 5.18). An increase from 1.2 to
1.4 results in a 41% decrease in the probability of collapse. An increase from 1.4 to 1.6 results
in a 42% decrease; increasing to from 1.6 to 1.8 results in a 52% decreases; and increasing
to from 1.8 to 2.0 results in another 33% decrease. The median spectral acceleration of
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Figure 5.8: Nonlinear Static Pushover 12-Story, 1.4 SCWB Ratio
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Figure 5.9: Nonlinear Static Pushover 12-Story, 1.6 SCWB Ratio
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Figure 5.10: Nonlinear Static Pushover 12-Story, 1.8 SCWB Ratio
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Figure 5.11: Nonlinear Static Pushover 12-Story, 2.0 SCWB Ratio
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Figure 5.12: Failure Mechanisms from Nonlinear Static Pushover Analyses - 12-Story Struc-
ture

collapse for each SCWB ratio are 0.20g, 0.23g, 0.25g, 0.3g, and 0.33g, also increasing as the
SCWB ratio increases. The adjusted collapse margin ratio (ACMR) also increases as SCWB
ratios increase. For the 12-story structure, the ACMR are 1.21, 1.39, 1.55, 1.83, and 1.97
for SCWB ratios 1.2, 1.4, 1.6, 1.8, and 2.0 respectively. The ACMR increases 15% as the
SCWB increases from 1.2 to 1.4, 12% from 1.4 to 1.6, 18% from 1.6 to 1.8, and 7.7% from
1.8 to 2.0.

The failure mechanisms from the incremental dynamic analyses are shown in full in
Appendix A.1. Table 5.1 summarizes the results. The 1.2 SCWB ratio structure develops
a failure mechanism involving only the first story for 87% of the ground motions. The
remainder develop a mechanism incorporating the first two stories. The 1.4 SCWB ratio
structure develops a failure mechanism involving the first two stories for 63% of the ground
motion, with the remainder involving only the first story. With a 1.6 SCWB ratio, the
structure develops a failure mechanism incorporating the first two floors for 93% (or all but
two) of the ground motions. The 1.8 and 2.0 SCWB ratio structures develop a two-story
mechanism for all the ground motions. The mechanism never spreads beyond the first two
stories; even a SCWB ratio of 2.0 does not prevent a partial collapse story mechanism from
occurring.

Increasing the SCWB ratio from a 1.2 to 1.4 incorporates an additional story into the
mechanism in 50% of the ground motions; increasing from 1.4 to 1.6 incorporates an addi-
tional story in only 30% of the ground motions. The remaining two ground motions develop
the two-story mechanism when the SCWB ratio is 1.8. No further benefit is gained from
increasing the SCWB ratio to 2.0 with regard to the spread of the failure mechanism.

5.4 18-Story Structures

Figures 5.19 to 5.23 depict the nonlinear static pushover curves of the 18-story structures.
The maximum base shear increases from Vmax = 1259 kips for the 1.2 SCWB ratio to
Vmax = 1265 kips for the 2.0 SCWB ratio. The design base shear was 830 kips, evidence of
the overstrength built into design process for these structures. The period based ductility
increases from µT = 1.38 for the 1.2 SCWB ratio to µT = 2.07 for the 2.0 SCWB ratio. The
failure mechanisms from these analyses, shown in Figure 5.24, show no significant spread
over the height of the structure, incorporating only the first three stories for SCWB ratios
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Figure 5.14: Fragility Curves for 12-Story, 1.4 SCWB ratio
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Figure 5.15: Fragility Curves for 12-Story, 1.6 SCWB ratio
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Figure 5.16: Fragility Curves for 12-Story, 1.8 SCWB ratio
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Figure 5.17: Fragility Curves for 12-Story, 2.0 SCWB ratio
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Table 5.1: Number of Floors Involved in Failure Mechanism - 12-Story Structure

SCWB Ratio
Ground Motion 1.2 1.4 1.6 1.8 2.0

1100838 2 2 2 2 2
1100900 1 1 2 2 2
1101155 2 2 2 2 2
1101163 1 2 2 2 2
1101515 1 2 2 2 2
1101546 1 2 2 2 2
1101792 1 2 2 2 2
1102114 2 2 2 2 2
1900001 1 1 2 2 2
1900002 1 1 2 2 2
1900003 1 2 2 2 2
1900004 1 1 2 2 2
1900005 1 1 2 2 2
1900006 1 1 2 2 2
1900007 1 2 2 2 2
2100838 1 2 2 2 2
2100900 1 1 2 2 2
2101155 1 2 2 2 2
2101163 1 2 2 2 2
2101515 1 2 2 2 2
2101546 1 1 1 2 2
2101792 1 2 2 2 2
2102114 1 1 1 2 2
2900001 1 2 2 2 2
2900002 2 2 2 2 2
2900003 1 1 2 2 2
2900004 1 1 2 2 2
2900005 1 2 2 2 2
2900006 1 2 2 2 2
2900007 1 2 2 2 2
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Figure 5.18: Probability of Collapes of 12-Story Structure
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Figure 5.19: Nonlinear Static Pushover 18-Story, 1.2 SCWB Ratio

1.2 to 1.6. Only when the SCWB ratio reaches 1.8 does the mechanism increase by one story.
With a SCWB ratio 2.0 the mechanism is not as well defined but appears to develop over
five stories.

Figures 5.25 to 5.29 show the fragility curves for the 18-story structure developed from
the 30 ground motion incremental dynamic analyses. The probabilities of collapse given
a maximum considered earthquake are P (C|MCE) = 19%, 14%, 10%, 7.0%, and 5.2% for
SCWB ratios 1.2, 1.4, 1.6, 1.8, and 2.0 respectively. Adjusting for spectral shape, these prob-
abilities become P (C|MCE) = 11%, 6.9%, 4.4%, 2.5%, and 1.6%, respectively. As expected,
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Figure 5.20: Nonlinear Static Pushover 18-Story, 1.4 SCWB Ratio
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Figure 5.21: Nonlinear Static Pushover 18-Story, 1.6 SCWB Ratio
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Figure 5.22: Nonlinear Static Pushover 18-Story, 1.8 SCWB Ratio
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Figure 5.23: Nonlinear Static Pushover 18-Story, 2.0 SCWB Ratio
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1.2 1.4 1.6 1.8 2.0

Figure 5.24: Failure Mechanisms from Nonlinear Static Pushover Analyses - 18-Story Struc-
ture

increasing the SCWB ratio decreases probability of collapse (Figure 5.30). Increasing the
SCWB ratio from 1.2 to 1.4 decreases the probability of collapse by 26%; increasing from 1.4
to 1.6 decreases it by 29%;, increasing from 1.6 to 1.8 decreases it by 30%; and increasing
from 1.8 to 2.0 decreases it by 26%. The median spectral acceleration of collapse for each
SCWB ratio are 0.23g, 0.25g, 0.26g, 0.28g, and 0.29g for SCWB ratios 1.2, 1.4, 1.6, 1.8, and
2.0 respectively, increasing as the SCWB ratio increases. The adjusted collapse margin ratio
(ACMR) also increases as SCWB ratios increase. For the 12-story structure, the ACMR
are 1.53, 1.65, 1.77, 1.90, and 2.01 for SCWB ratios 1.2, 1.4, 1.6, 1.8, and 2.0 respectively.
The ACMR increases only 7.8% (compared to 15% for the 12-story structure) as the SCWB
increases from 1.2 to 1.4, 7.3% from 1.4 to 1.6, 7.3% from 1.6 to 1.8, and 5.8% from 1.8 to
2.0.

Table 5.2 summarizes the results of the failure mechanisms for the 18-story structure.
In all but one case the first two stories develop the story failure mechanism for the 1.2 and
1.4 SCWB ratio structures. With a 1.6 SCWB ratio, 17% of the ground motions create a
story mechanism that spreads to include the third story; the rest remain at two stories. As
the failure mechanism spreads to the third floor, the story mechanism is no longer clearly
defined in that an upper column mechanism does not form, though the plastic-hinged beams
do not spread to the top of the structure. These ill-defined mechanisms are denoted by the
prime in the table. For the 1.8 SCWB ratio structure, 53% of the ground motions produce
mechanisms that have spread to incorporate the first three stories. Only 17% of the ground
motions produce mechanisms that do not spread, remaining as two-story mechanisms for the
2.0 SCWB ratio structure. As with the 12-story structure, this structure does not prevent
partial collapse mechanisms even when the columns are twice as strong as the beams.

With regard to increasing the spread of the mechanism over the height of the structure,
no benefit is gained from increasing the SCWB ratio from 1.2 to 1.4. Increasing from 1.4
to 1.6 incorporates an additional story in only 17% of the ground motions. Forty percent of
the ground motions develop a mechanism with an additional story when the SCWB ratio is
increased from 1.6 to 1.8. Increasing to 2.0 gains an additional story in 27% of the ground
motions.

There is one interesting case in this analysis, as denoted by the asterisks in the table, that
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Figure 5.25: Fragility Curves for 18-Story, 1.2 SCWB ratio
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Figure 5.26: Fragility Curves for 18-Story, 1.4 SCWB ratio

68



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

Sa of Collapse of OVE motions

Pr
ob

ab
ili

ty
 o

f 
C

ol
la

ps
e

Collapse Margin Ratio CMR = 1.52

 

 
β

TOT
 = 0.33

β
RTR

 = 0.23
β

DR
  = 0.1

β
TD

  = 0.1
β

MDL
 = 0.2

P(C|MCE) =
0.1
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Figure 5.27: Fragility Curves for 18-Story, 1.6 SCWB ratio
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Figure 5.28: Fragility Curves for 18-Story, 1.8 SCWB ratio
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Figure 5.29: Fragility Curves for 18-Story, 2.0 SCWB ratio
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Table 5.2: Number of Floors Involved in Failure Mechanism - 18-Story Structure

SCWB Ratio
Ground Motion 1.2 1.4 1.6 1.8 2.0

1100838 2 2 2 2 2
1100900 2 2 2 3’ 3’
1101155 2 2 2 3’ 3’
1101163 2 2 2 2 3’
1101515 2 2 2’ 3’ 3’
1101546 2 2 2 2 3’
1101792 2 2 2 3’ 3’
1102114 2 2 2 2 2
1900001 2 2 2 2 3’
1900002 2 2 2 3’ 3’
1900003 2 2 2 3’ 3’
1900004 2 2 3’ 3’ 3’
1900005 2 2 2 3’ 3’
1900006 2 2 2 2 3’
1900007 2 2 2 2 2
2100838 2 2 2 2 3’
2100900 2 2 2 3’ 3’
2101155 2 2 2 2 3’
2101163 2 2 2 3’ 3’
2101515 2 2 2 3’ 3’
2101546 2 2 2 2 2
2101792 1* 1* 3* - 8*
2102114 2 2 2 3’ 3’
2900001 2 2 2 2 3’
2900002 2 2 3’ 3’ 3’
2900003 2 2 3’ 3’ 3’
2900004 2 2 2 2 3’
2900005 2 2 2 2 2
2900006 2 2 3’ 3’ 3’
2900007 2 2 2 3’ 3’
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Figure 5.30: Probability of Collapse of 18-Story Structure

does not behave like the others; for this ground motion, the failure mechanisms develop at
about two-thirds up the height of the structure, clearly indicating higher modes are influential
in this failure.

5.5 24-Story Structures

Figures 5.31 to 5.35 depict the nonlinear static pushover curves of the 24-story structures.
The maximum base shear increases from Vmax = 1636 kips for the 1.2 SCWB ratio to
Vmax = 1750 kips for the 2.0 SCWB ratio. The design base shear was 1160 kips, again
evidence of the overstrength built into design process for these structures. The period based
ductility increases from µT = 1.76 for the 1.2 SCWB ratio to µT = 2.34 for the 2.0 SCWB
ratio. The failure mechanisms from these analyses, shown in Figure 5.36, do not occur at
the base of the structure, but rather about a third of the way up the structure. This is likely
due to the higher SCWB ratios in the lower third of the structure compared to those of
the 12- and 18- story structures. One can examine the mean values for a quick comparison.
The failure mechanisms for the 1.2, 1.4 and 1.6 SCWB ratios are well defined, incorporating
stories eight through twelve, for a total of five stories participating in the mechanism. For
the 1.8 SCWB ratio structure, the failure mechanism moves down two floors to incorporate
stories six through ten, still only utilizing five stories. The failure mechanism for the 2.0
SCWB structure is similar to that of the 1.8 SCWB structure, but not as well defined.

Figures 5.37 to 5.41 show the fragility curves for the 24-story structure developed from
the 30 ground motion incremental dynamic analyses. The probabilities of collapse given a
maximum considered earthquake are P (C|MCE) = 11%, 9.7%, 9.1%, 8.6%, and 7.7% for
SCWB ratios 1.2, 1.4, 1.6, 1.8, and 2.0 respectively. Adjusting for spectral shape, these
probabilities become P (C|MCE) = 6.0%, 4.9%, 4.3%, 3.8%, and 3.2%, respectively. As
expected, increasing the SCWB ratio decreases the probability of collapse (Figure 5.42).
Increasing the SCWB ratio from 1.2 to 1.4 decreases the probability of collapse by 12%;
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Figure 5.31: Nonlinear Static Pushover 24-Story, 1.2 SCWB Ratio
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Figure 5.32: Nonlinear Static Pushover 24-Story, 1.4 SCWB Ratio
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Figure 5.33: Nonlinear Static Pushover 24-Story, 1.6 SCWB Ratio
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Figure 5.34: Nonlinear Static Pushover 24-Story, 1.8 SCWB Ratio
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Figure 5.35: Nonlinear Static Pushover 24-Story, 2.0 SCWB Ratio
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Figure 5.36: Failure Mechanisms from Nonlinear Static Pushover Analyses - 24-Story Struc-
ture

increasing from 1.4 to 1.6 decreases it by 6%;, increasing from 1.6 to 1.8 decreases it by 5%;
and increasing from 1.8 to 2.0 decreases it by 10%. Compared to the 12-story structure,
the 24-story structure does not benefit nearly as much from an increase in SCWB ratios.
The median spectral acceleration of collapse for each SCWB ratio are 0.23g, 0.23g, 0.24g,
0.24g, and 0.25g, increasing as the SCWB ratio increases, though not as significantly as
the previous 18- and 12- story structures. The adjusted collapse margin ratio (ACMR) also
increases as SCWB ratios increase. For the 12-story structure, the ACMR are 1.79, 1.84,
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ŜCT = 0.23g

Results of IDA
Record to Record Uncertainty
Total Uncertainty

(a) No Adjustment

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.2

0.4

0.6

0.8

1

Sa of Collapse of OVE motions

Pr
ob

ab
ili

ty
 o

f 
C

ol
la

ps
e

Adjusted Collapse Margin Ratio ACMR = 1.79
Spectral Shape Factor SSF = 1.13

 

 

P(C|MCE)
= 0.06
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Figure 5.37: Fragility Curves for 24-Story, 1.2 SCWB ratio
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Figure 5.38: Fragility Curves for 24-Story, 1.4 SCWB ratio
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Figure 5.39: Fragility Curves for 24-Story, 1.6 SCWB ratio
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Figure 5.40: Fragility Curves for 24-Story, 1.8 SCWB ratio
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Figure 5.41: Fragility Curves for 24-Story, 2.0 SCWB ratio
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Figure 5.42: Probability of Collapse of 24-Story Structure

1.90, 1.91, and 1.98 for SCWB ratios 1.2, 1.4, 1.6, 1.8, and 2.0 respectively. The ACMR
increases only 2.8% (compared to 7.8% for the 18-story structure and 15% for the 12-story
structure) as the SCWB increases from 1.2 to 1.4, 3.3% from 1.4 to 1.6, 0.53% from 1.6 to
1.8, and 3.7% from 1.8 to 2.0.

Table 5.3 summarizes the results of the failure mechanisms for the 24-story structure.
Most of the mechanisms are not clearly defined and there is no spread of the story mechanism
as the SCWB ratio increases. The entries in the table with asterisks are story mechanisms
that did not form at the base of the structure: for ground motion 1101546, the mechanisms
formed about one-quarter up the height of the structure; for ground motion, 2101792, they
occurred about three-quarters up the height of the structure; and for ground motion 2900003,
they occurred about two-thirds up the height. This structure indicates there is little gain
toward achieving a whole building mechanism by increasing the SCWB ratio.

5.6 Summary of IDA Results

The effects of SCWB ratios on tall structures have been evaluated from two vantage points:
from the perspective of the statistical probability of collapse and that of story-mechanism-
spread over the height of the structure. Figures 5.43 and 5.44 show the increase in collapse
margin ratios and the decrease in the probabilities of collapse given an increase in SCWB ra-
tios for all structures. As the structures increase in height, the benefit gained from increased
SCWB ratios decreases. (For the SCWB ratio increase from 1.2 to 1.4 the ACMR increased
15% for the 12-story structure, 7.8% for the 18-story structure and 2.8% for the 24-story
structure, and the P(C|MCE) decreased by 41%, 26% and 12% for the 12-, 18- and 24-story
structures, respectively.) This may be due in part to the minimum steel reinforcement ratios
required by the columns of the taller structures. The columns sizes were determined by the
axial load, not the moment demand, so many of the SCWB ratios in the lower columns
are greater than the intended SCWB target. With larger than intended SCWB ratios at
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Table 5.3: Number of Floors Involved in Failure Mechanism - 24-Story Structure

SCWB Ratio
Ground Motion 1.2 1.4 1.6 1.8 2.0

1100838 4 4 4 4 4
1100900 6 6 6 6 6
1101155 4 4 4 4 4
1101163 5 5 5 5 5
1101515 4 4 4 4 4
1101546 3* 4* 4* 6 6
1101792 4 4 4 4 4
1102114 4 4 4 4 4
1900001 5 5 5 5 5
1900002 4 4 4 4 4
1900003 4 4 4 4 4
1900004 4 4 4 4 4
1900005 4 4 4 4 4
1900006 4 4 4 4 4
1900007 6 6 6 6 6
2100838 5 5 5 5 5
2100900 4 4 4 5 5
2101155 4 4 4 4 4
2101163 4 4 4 4 4
2101515 4 4 4 4 4
2101546 4 4 4 4 4
2101792 2* 2* 3* 4 4
2102114 4 4 4 4 4
2900001 5 5 5 5 5
2900002 4 4 4 4 4
2900003 2* 4 4 4 4
2900004 4 4 4 4 4
2900005 4 4 4 4 4
2900006 4 4 4 4 4
2900007 4 4 4 2 4
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Figure 5.43: Increase in collapse margin ratios (CMR) as SCWB ratios increase

the onset of the design, the moment capacities do not need to be increased to meet the
subsequent SCWB ratios, thus the increase in overall capacity is not as significant for those
stories, leading to a less significant increase in CMR and decrease in P(C|MCE). Not only
does increasing SCWB ratios have less effect on the collapse capacities of taller structures, it
has little effect on the failure mechanism that forms. The increase in performance could be
attributed to the increase in overall column strength more than an increase in the number of
stories (and thus the amount of dissipated energy) involved in the mechanism. If one were
to choose an acceptable adjusted P(C|MCE) to be 10% or less, then the 12-story structure
would require a 1.6 SCWB ratio, the 18-story structure would require a 1.4 SCWB ratio,
and the 24-story structure would require a 1.2 SCWB ratio. It may be that the SCWB ratio
should be dependent upon the height of the structure. These conclusions are subject to the
assumption, among others, that the gravity framing contributes inertial mass and gravity
loads but does not provide any lateral force resistance.

Although increasing SCWB ratios in the taller structures in this study did not have
a significant impact on the performance of the structures, the taller structures have lower
collapse capacities than the 12-story structure from the outset. For a given SCWB ratio as
the height of the structures increase from 12 stories, P(C|MCE) decreases. This is consistent
with the findings of Haselton et al. (2011) and suggests that higher SCWB ratios and full
building mechanisms may not be necessary for the satisfactory performance of tall structures.
This increase in performance may be due in part to the reinforcement ratios needed to meet
the minimum requirements as well as the minimum base shear code requirements that the
taller structures must meet. The design of the 12-story structure was not controlled by the
minimum base shear, whereas the two taller structures were.
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Figure 5.44: Decrease in probablity of collapse, P (C|MCE), as SCWB ratios increase

5.7 Rigid Plastic Analysis of the 12- and 18-Story

Structures

The ability of the two definitions of the SCWB ratio presented in this study to measure the
performance of a structure are evaluated though rigid plastic analyses of three variations of
the 12-story, 1.2 SCWB ratio structure. All three variations of the structure have identical
SCWB ratios as calculated by the alternate method. The moments in the columns, however,
are adjusted such that SCWB ratios as defined at each joint vary from one structure to
the next. These moments are assumed to be plastic moment capacities. Each building is
then analyzed using the upper bound theorem of plastic analysis. A collapse mechanism is
assumed to have formed from the base of the structure to the nth floor. A collapse load factor
(λcn) for an inverted triangular load over the height of the structure is obtained from the
principal of virtual work given the assumed collapse mechanism and the moment capacities
of each member. The load factors for each assumed collapse mechanism are shown in figure
5.45, 5.46 and 5.47. The load factors are displayed on the floors that correspond to the
highest floor involved in the associated mechanism. Though the SCWB ratios as defined by
the code at each joint varies from one building to the next, the collapse load factors, λcn, do
not. That the load factor, λcn does not change implies that the collapse mechanism remains
the same from one variation of the building to the next. The alternate method of calculating
the SCWB ratios appears to be a better measure of performance as it remains stable and
consistent with the collapse mechanism.

The rigid plastic analysis is also used in an attempt to predict the number of stories in a
partial collapse mechanism. Figure 5.48 shows an example of a frame set-up with N stories
for use in the plastic analysis. An inverted triangular load is applied to the frame; a story
mechanism, and the corresponding plastic hinging, is assumed to have formed consisting
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Figure 5.45: Moments, collapse load factors (λc) and SCWB ratios for a variation of the
12-story, 1.2 SCWB ratio structure

of stories one to n; an initial displacement at the onset of the formation of the collapse
mechanism is also assumed. The leaning column contributes the P −∆ forces that the frame
is required to resist, Hi = Pi∗∆

i∑
0
h

. The force at level n is given as:

Hn =

N∑
n

Pi ∗∆

n∑
0

h
(5.1)

These forces are a function of the displacement and require integration over the displacement
δ to obtain the virtual work. The external and internal work are then calculated to solve
for the collapse factor, λc. The external work is composed of the virtual work done by
the external forces, λF , and the resisting forces, Hi, through an additional small horizontal
displacement, δ. The internal work is the virtual work done by the moments through the
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Figure 5.46: Moments, collapse load factors (λc) and SCWB ratios for a variation of the
12-story, 1.2 SCWB ratio structure

additional rotations of the hinges as a result of δ. The assumed number of stories involved,
n, is varied from 1 to N , and the smallest collapse load factor, λ, obtained should then
indicate the collapse mechanism of the structure.

The above analysis is performed on the 12- and 18-story structures. The analysis predicts
that the 12-story structure will form a one-story mechanism for all SCWB ratios examined
in this study. From the nonlinear static pushover analysis, the 12-story structure is shown to
develop a collapse mechanism consisting of the first two floors for all five SCWB ratios. The
plastic analysis predicts that the 18-story structure will form a two-story mechanism for all
SCWB ratios. From the pushover analysis, the 18-story structure is shown to develop a three-
story mechanism for SCWB ratios 1.2, 1.4 and 1.6, a four-story mechanism for SCWB ratio
1.8 and possibly a five-story mechanism for the SCWB ratio 2.0. The rigid plastic analysis
is not able to predict the mechanism because the structures are only forming partial collapse
mechanisms. This results in a substantial portion of the structure remaining indeterminate
and requiring assumptions about displacements at the onset of the collapse mechanism.
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Figure 5.47: Moments, collapse load factors (λc) and SCWB ratios for a variation of the
12-story, 1.2 SCWB ratio structure

The rigid plastic analysis assumes no deformations in the floors above the mechanism, but
in reality there would be varying levels of elastic and inelastic deformations increasing the
P−∆ effect. This analysis also does not account for strain-hardening that is accounted for in
the nonlinear static pushover analysis. For these reasons, it is expected that the rigid plastic
analysis would not be able to predict the collapse mechanism. The rigid plastic analysis
does, however, support the finding that increasing the SCWB ratios does little to increase
the number of stories involved in the mechanism.
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Chapter 6

Conclusion

6.1 Summary

The goal of this study was to examine the effects of strong-column, weak-beam ratios on tall
reinforced concrete special moment frame structures. Fifteen structures were modelled in
Opensees: three heights (12, 18 and 24 stories) each at five SCWB ratios (1.2, 1.4, 1.6, 1.8,
and 2.0). These structures were developed from a single floor plan: a perimeter reinforced
concrete moment-resisting-frame structure with two four-bay frames in each direction. Any
lateral resistance provided by the gravity framing was neglected. This design was selected
so that this study could build on work done by Haselton and Deierlein (2008). The moment-
rotation relationship was defined for zero-length springs at the ends of the columns and
beams by employing the ModIMKPeakOreinted material developed by Fardis and Haselton,
(Fardis & Biskinis, 2003; Haselton, Liel, et al., 2008). Having done so, the peak rotations at
the ends of the elements could then be recorded. A nonlinear static analysis as well as an
incremental dynamic analysis using 30 ground motions were performed on each structure.
From the results of the IDA, fragility curves were obtained using the maximum likelihood
method. Thus the probability of collapse given a maximum credible event, P(C|MCE), of
each structure was obtained.

These conclusions are subject to the assumption, among others, that the gravity framing
contributes inertial mass and gravity loads but does not provide any lateral force resistance.
For all structures P(C|MCE) decreased as SCWB ratios increased. The 12-story structure
saw the most dramatic decrease; as the structures increased in height, the benefit of increas-
ing the SCWB ratios decreased. For a given SCWB ratio, however, the taller structures
have a lower probability of collapse. This is consistent with the findings of Haselton et al.
(2011) and suggests that higher SCWB ratios and full building mechanisms may not be
necessary for the satisfactory performance of tall structures. Plots of the story mechanisms
formed by each ground motion show the ineffectiveness of increasing SCWB ratios. Though
some mechanisms spread by a story or two as SCWB ratios increase, none come close to
creating a complete building mechanism. The required SCWB ratios needed for full building
mechanisms would not be practical for the project sponsor.

An evaluation of the effectiveness of SCWB ratio definitions through rigid plastic analyses
leads to a conclusion that the alternate method as defined in this study provides a more stable
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and consistent measure of performance of a given structures.

6.2 Future Research Possibilities

Several assumptions and simplifications were made to reduce the complexity of the model,
thus allowing for it to run within a reasonable time. As access to and capabilities of su-
per computers improve, the complexity of the numerical model of the structure could be
increased. Among the changes that could be made: modelling the structure in three di-
mensions as opposed to the current two-dimensional model with a leaning column, imple-
menting a more complex joint model, modelling the change in axial forces in the columns,
and modelling distributed loads on the beams. Another option might be to change the col-
umn reinforcement ratios at the mid-point of the column, which would be a more realistic
representation of current building codes. This was not done in this study so as to reduce
the number of required elements, thus increasing the efficiency of the analyses. Though not
related to the efficiency of the model, but rather the efficiency of the design process, a more
precise design of the structure utilizing the complete moment-axial diagram could be done.

The model for the reinforced concrete moment-rotation relationship was calibrated con-
servatively, due to the small number of monotonic tests and small deformation levels reached;
increasing the database of such tests could improve the model (Haselton & Deierlein, 2008).
The material model used to implement the moment-rotation relationship, ModIMKPeakO-
riented, has been updated since the onset of this study. Using the most recent version, or
updating it further if needed, could improve the efficiency and stability of the analyses.

It may also be beneficial to study variations on the buildings. This study looked at a
specific site in Los Angeles, specifically one classified as far-field, soil class C. Other types of
soil class sites could be studied as well as near-field sites. Only one floor plan was considered
in this study; it would be interesting to study taller buildings with wider bases to reduce the
influence the axial forces have on the column reinforcement ratios and thus the SCWB ratios.
As has been suggested by a few sources (NZS:3101, 2006; Haselton et al., 2011), varying the
SCWB ratio over the height of the structure could be an area of further investigation.

As mentioned previously, this study agrees with others (Haselton et al., 2011) that
P(C|MCE) appears to peak in structures around 12 stories tall. Further research could focus
on structures eight to 16 stories tall to examine this critical height, possibly determining if
SCWB ratios should be height or period dependent.

Lastly, one could explore the discrepancy between the code-defined fundamental period
and the fundamental period obtained from the numerical model.
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Appendix A

Failure Mechanisms
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