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Chapter 1
Introduction

All buildings must include structural lateral force resisting system(s) to withstand wind
loads, earthquake loads, and to provide stability under gravity loading. A number of different
lateral force resisting systems have been used to provide lateral load resistance including moment
frames, braced frames, and shear walls, among others.
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B

C

Figure 1 Typical schematic of: (A) Braced Frame (B) Moment Resisting Frame and (C)
Shear Wall
Figure 1 presents schematics for three common lateral force resisting systems. A braced
frame, Figure 1A, resists lateral forces with diagonal bracing members. A moment resisting
frame, Figure 1B, provides lateral force resistance with fully restrained beam-column
connections. Shear walls, Figure 1C, resist lateral loads with infill material in the bays of a frame,
that for steel plate shear walls (SPSW) are thin infill plates that buckle in shear then develop
tension field action (Thorburn 1983). Shear wall can be composed of materials ranging from;
reinforced concrete, reinforced masonry, to thin steel plates.
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For the purpose of economy the lateral force resisting systems are typically connected to
gravity systems and constitute only a small portion of the entire structural system of a building.
Gravity systems utilize simple shear tab connections to connect the web of the beam to the
column flange as illustrated in Figure 2a. The simple shear connection is assumed to transfer only
shear forces and to have no resistance to rotation, although experimental testing of simple shear
connections suggests the rotational stiffness and rotational strength of these connections can be a
significant percentage of equivalent connections with restrained flanges as illustrated in Figure 2b
(Liu and Astaneh-Asi 2004). The use of simple shear connections is more cost effective and
easier to construct by comparison to restrained connections. For this reason, the majority of the
building structural system is composed of gravity framing whereas lateral force resisting systems
are included primarily to meet lateral load and drift requirements set forth by contemporary
structural design standards (ASCE 7-10).

A

Shear tab

Welded angle

Beam

Beam

Column

B

Column

Figure 2 Illustration of steel connections: (A) simple shear connection; (B) moment
resisting connection
Figure 2 illustrates typical simple shear and moment resisting connections. For the simple
shear connection, the beam is connected to the column with a shear tab that is typically an angle
section that is bolted to the beam web and/ or welded to the column flange (or web depending on
2

the strong-axis orientation of the gravity column). For the analysis and design of the building
structural system, this shear connection is typically idealized as a simple pin connection that is
assumed not to possess any rotational stiffness or rotational strength. The moment resisting
connection, illustrated in Figure 2B, in which the flanges of the beam are connected, either
through angled section or full penetration grove welds, to the column flange provides both
rotational stiffness and rotational strength that when part of the lateral force resisting system is
detailed to develop the full plastic moment strength of the beam. The additional material and
detailing required for moment resisting connections increase the cost and therefore limits their
use to lateral force resisting framing.
Compatibility of deformations between the gravity framing and lateral force resisting
system are imposed by concrete floor slabs in building structures acting as a rigid diaphragm. The
gravity system will deform and therefore participate in the response of a structure under lateral
loading. Conventional design practices have not required the inclusion of gravity columns in the
analysis of lateral force resisting systems therefore their participation is not considered. Past
experimental tests (Liu and Astaneh-Asi 2004) have demonstrated that simple shear tab
connections possess considerable rotational stiffness and strength in contrast to the behavior
assumed by the pin idealization. Further evidence of the rotational stiffness and strength of these
simple shear connections was observed following the 1994 Northridge earthquake in California.
A Structural Engineers Association of California (SAC 1995) report credited these connections
with the ability to “provide a large structural strength reserve capacity, as the survival of many
heavily damaged moment frames during the Northridge earthquakes attests. Widespread
utilization of partial restrained and composite bolted connections should be encouraged in the
context of back up structural systems since they provide great redundancy and toughness.” Others
(Hines and Fahnestock 2010) have begun to consider the use of gravity systems as secondary, or
back-up, systems for the purpose of design; however that is not the goal of this study.
3
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Figure 3 Free body diagram of gravity column
To illustrate how the strength of the partially restrained shear tab connections translates
into participation of the gravity frame, Figure 3 presents a free body diagram of a gravity column
in its deformed state. Moment develops in these partially restrained shear tab connections as the
building drifts due to lateral loading. Applying the strength of these partially restrained
connections, Mpbeam, to the gravity column and taking moment equilibrium about point B, top of
column (see Figure 3) yields an expression for the shear at the base of the gravity column due to
the partially restrained shear connection, VShearConneciton:

VShearConnection 

 M
L

pbeam

(1)

where Mpbeam is the moment strength of the partially restrained shear connections at each story
expressed as a coefficient times the plastic moment capacity of the beam, Mpbeam, and L is the total
height of the structure. However, being a gravity column it carries gravity loads, therefore to
maintain equilibrium a shear, VP-delta, must be present at the base of the gravity column due to the
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P-delta effects but acting in opposite direction of VShearConneciton as illustrated in Figure 3. The
component of base shear due to the P-delta effects can be expressed as:

VP  Delta 

 Pdelta

i

L

(2)

where P is the gravity load applied to the column at each story, and deltai is the drift at story i. It
is clear from the free-body diagrams show in Figure 3, that the shear tab connection results in a
component of shear at the base of the gravity column and hence the participation of the gravity
framing in the lateral force response. However, the magnitude of the contribution and its impact
and the resulting participation of the gravity frame in the lateral force resistance of the building
structural system has not been well established.
More recently, research on the seismic performance of concentrically braced frames
(CBF) (MaCrae et al. 2004; Fahnestock et al. 2010) determined the gravity columns in the CBFs,
typically assumed to not participate in the lateral force resistance, contribute to the overall
strength and stiffness of the lateral force resisting system beyond that provided by the braces
(MacRae et al. 2004). This research concluded that the flexural stiffness of gravity columns in
CBFs can significantly reduce non-uniform drifts along the height of the frame (MacRae et al.
2004). Similar reduction in drift concentrations were observed in research on buckling resistant
braced frames (Ariyaratana and Fahnestock 2010).
There are likely two, interconnected, reasons for the participation of the gravity columns
in the lateral response of the building system. First, among these reasons is the simple shear
connections possess rotational stiffness and strength although it is assumed they are idealized pins
as previously discussed and secondly, compatibility between the lateral force resisting system and
the gravity columns requires that when non-uniform story drifts occur the gravity frame columns
participate.

5
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Figure 4 Illustration of gravity column participation
Figure 4 presents two illustrations to demonstrate the potential participation of a
continuous gravity column for a three-story frame archetype for both uniform story drift (left) and
non-uniform story drift (right) assuming idealized pin beam-column connections for both cases.
The illustration on the left of Figure 4 shows that when the story drifts are uniform, the gravity
column simply rotates about its base, also assuming idealized pin connections. The frame shown
on the right of Figure 4 has non-uniform drift demands and an inter-story drift concentration at
the second story, where drift is defined as the difference in lateral displacement between the top
and bottom of a story level. When drift is non-uniform, whereby drift is concentrated at a
particular story level, as illustrated on the right of Figure 4, the gravity column must deform, i.e.
bend/shear, due to compatibility with the lateral force resisting system. The compatibility occurs
because of the presence of the floor diaphragm that connects the gravity columns to the lateral
force resisting system. Shear forces that developed in the gravity columns are transferred though
the rigid diaphragm to the lateral force resisting system. Previous research has shown that the
forces developed in the gravity framing system by this compatibility of deformations helped to
mitigate drift concentrations in CBFs (Ji et al. 2009).
6

As illustrated in Figure 4, the assumption that the gravity columns do not participate in
the lateral response of the building structural system is valid only when the inter story drifts are
uniform. However, this is rarely observed for the seismic response of buildings due to strength
and stiffness discontinuities between adjacent floors due, in part, to limited material size and/or
section sizes. Discontinuities in story stiffness and strength translate into non-uniform drift
demands and thus engage the gravity columns through compatibility. Another factor contributing
to non-uniform drifts in the lateral response is higher modes of vibration, meaning that the
dynamic response is not always governed by the 1st mode response. High modes are more likely
to participate as the structure’s height increases. It is reasonable to hypothesize the participation
of the continuous gravity columns increases as the height of the buildings increases.
1.1

Motivation
Previous research and relatively simple demonstration of the equilibrium and

compatibility of framing systems suggests that the gravity framing will participate in the lateral
response of building structures through: (1) the stiffness and strength provided by the partial
restrained simple shear tab connections; (2) the compatibility between the lateral framing and
continuous gravity columns; and (3) participation of higher modes in the response of the frame to
dynamic lateral loading. At this moment, contemporary structural design standards, i.e. ASCE 710, do not require the gravity framing to be explicitly considered in either the analysis or design
of the building lateral force resisting system. However, it is clear from previous research and
simple mechanics that the gravity framing system will participate in the lateral force resistance of
the building structural system to some degree. Others (Hines and Fahnestock 2010) have
advocated relying on the gravity system as a “back-up” or “secondary” system.

7

1.2

Problem Statement
Gravity framing systems with simple shear connections will participate in the lateral

response of the building structural system whether designed to or not.

Some (Hines and

Fahnestock 2010) have advocated accounting for this “reserve capacity” for the design of the
building system. Currently, this reserve strength is typically ignored in the analysis and design of
lateral force resisting systems. While it is widely acknowledge that the gravity frame will
participate in the lateral force resistance, there lacks a comprehensive study to understand
systematically how the gravity framing affects demands throughout the building structural
system. The objective of this study, therefore, is to fill this knowledge gap by systematically
understanding the impact of each gravity framing factor, i.e. partially restrained connections,
compatibility between the gravity and lateral force resisting system and higher mode effects.
1.3

Scope
The scope of this research was to determine the influence of gravity framing on the

seismic response of steel lateral force resisting systems. Three possible ways to which the gravity
framing will contribute to the seismic response were considered.
1. Continuous gravity columns
2. Partially restrained behavior of shear tab connections
3. Higher mode effects seen in structures of increasing height
The steel lateral force resisting systems considered for this study were steel plate shear
walls (SPSWs) and moment resisting frames (MRFs). Lateral force resisting systems were
designed for building archetypes of 3, 9, and 20 stories.

8

The response characteristics of interest that may be affected by the gravity framing
system in the modeling are as follows.


Fundamental period



Distribution of base shear at story levels



Story drifts



Ductility demands (i.e. plastic deformations in the frame)

The seismic responses of these steel buildings were evaluated at 3 levels of seismic
loading. Ground motion magnitudes were chosen based on contemporary seismic design
philosophy. In seismic design, 3 levels of loading are typically evaluated with specific
performance criteria at each level; (1) Moderate events; limited damage of non-structural
components and no damage to structural systems; (2) Design events; non-structural component
damage expected and structural members may sustain repairable damage; (3) Maximum
considered event; structural systems sustain severe damage but the building should not collapse
(ATC 1978).
1.4

Significance
The effect of the gravity framing on the response of steel building structures subjected to

seismic loading is not well understood. The redundancy and over-strength provided by gravity
framing systems was credited with preventing the collapse of several moment frame structures
during the Northridge earthquake of 1994 (SAC 1995). Knowledge gained from this study can be
used to guide future decisions whether to use the gravity frame as a “secondary system” or
whether gravity framing “must” be explicitly considered when analyzing and designing lateral
force resisting systems. This study will also provide an indication of forces the gravity system
sees in the seismic response that it is not designed for, particularly axial loads
(tension/compression forces) being transferred through simple shear connections in the gravity
9

framing. It is of the utmost importance to maintain these connections in order to carry the gravity
loading of a structure to prevent collapse. Moments developed in the gravity columns may also
stress the members beyond their elastic range leading to the failure of these members under their
gravity loading.

10

Chapter 2
Literature Review

The first investigation in this literature review is previous research examining the effects
that column flexural rigidity has on reducing drift concentrations under seismic loading. Lateral
force resisting systems (LFRS) often have differential over-strength stories of the structure, which
leads to drift concentrations under seismic loading. Continuous columns in areas of non-uniform
drift, i.e. inter-story drift concentrations, develop flexural and shear forces. The effects of these
continuous columns have been researched for Concentrically Braced Frames (CBF).
The second investigation was on the moment rotation behavior on composite simple
shear connections. The connections are termed “composite”, meaning that the effects of a
composite slab on beam have been considered in the behavior. These simple connections have
traditionally been modeled as idealized pin connection. However, recent research has shown that
they can provide 30-45% of the plastic moment of the beam. This literature review will provide
information to accurately model the behavior of these connections. This information is crucial in
the application of the shear connection behavior to the analysis models.
The third investigation completed within this literary review concentrated on Equivalent
Lateral Force Procedures (ELFP) with specific focus on ASCE 7-10 section 12.8 (Equivalent
Lateral Force Procedure). This investigation elaborates on the analysis procedures which led to
the development of the standard’s ELFP. The standard’s procedure is the focus of this review
with some mention of the subtle differences in other codes. A new equivalent lateral force
procedure developed by Chao and Goel (2007) which accounts for the inelastic state of a
structure was also considered in the review of ELFPs.
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The fourth area of interest highlights design and analysis procedures related to steel plate
shear walls (SPSW). This investigation provides essential information on previous SPSW designs
and behavior. With this information, representative SPSW behavior could be established in the
analytical SPSW models for which non-linear response history analysis was performed.
The final area of interest is the effect that nonstructural components have on the seismic
response of structures. This includes masonry infill walls and partitions. As with the gravity
frame these components are not designed to resist any lateral loading. However, research has
shown that these building components provide lateral stiffness. Therefore, building response
characteristics can be affected.
2.1

Column stiffness effects on drift concentrations
MacRae (2004) completed an analytical study on the effect of column stiffness on the

seismic behavior of concentrically braced frames (CBFs). This research examined the design
procedures of CBFs, which are typically designed to resist lateral loading in truss action
disregarding the effects of column stiffness in the CBF. A mathematical model was created for a
two story CBF that captured the flexural stiffness of the columns in the CBF. The research
introduced a Drift Concentration Factor (DCF) which is the ratio of maximum inter story drift to
total structural drift.

DCF 

MaxInterStoryDrift

(1)

TotalDrift

Using the developed mathematical model, the researcher conducted a parametric study to
examine several factors including story ductility, and column stiffness. Inelastic response history
analysis was completed for CBFs modeled with continuous columns. The research concluded that
as the stiffness of continuous columns in the CBF increase, concentrations of story drift and
structure drift were reduced. The research used the mathematical model of the two story CBF to
develop a procedure to estimate likely locations of drift concentration in CBFs.
12

Ji et al. (2009) built upon MacRae’s research by examining the effect gravity columns
have on the mitigation of drift concentrations in CBFs. A three-story CBF was modeled with
gravity columns. Like MacRae’s research, a mathematical model was created to examine the
effects of continuous gravity column stiffness on drift concentrations. A study was completed to
determine when the gravity columns play a role in mitigating drift concentrations that examined
two cases; when gravity columns had a pin restrained support and also a fixed support.



EI
kh3

(2)

Where α is the column stiffness ratio, E is the modulus of elasticity, I is the aggregate
gravity column moment of inertia, h is the story height, and k is the lateral stiffness of the bracing
bent. For pinned and fixed base gravity columns DCFs were calculated for varying column
stiffness ratios in the mathematical model.

Figure 5 Column stiffness ratio vs. drift concentration factor (Ji et al. 2009)
Figure 5 illustrates how drift concentrations in the CBF were reduced as column flexural
rigidity increased, i.e. the quantity of gravity columns in the building structure. The results
identified a range of 0.001 < α < 0.2, where gravity columns were effective in drift mitigation.
13

The plot also demonstrates that fixed base gravity columns were more effective in reducing drift
concentrations than pinned base.
Inelastic response-history analysis was completed on the three-story CBF in the
numerical model with elasto-plastic behavior of elements modeled. The response history analysis
was completed for comparison with the numerical model and to examine the demands in the
gravity columns. The research concluded that drift mitigation is achieved by the gravity columns
of a typical CBF, and that no addition strength consideration is needed in the design of the gravity
columns.
Qu et al. (2013) studied the effect of column stiffness on drift concentrations in SPSWs.
Over-strength provided in stories in SPSWs lead to drift concentrations under seismic loading.
The research proposed that more stringent stiffness requirements on column elements in SPSWs
may help their performance by enforcing simultaneous yielding of web plates along the height of
a structure. The research concluded that current column stiffness requirements led to SPSW
designs with drift concentrations under seismic loading. More stringent column stiffness
requirements were recommended to ensure uniform drifts over a structures height.
2.2

Moment Rotation Behavior of Composite Shear Connections
Simple shear connections in the gravity framing system are typically modeled as

idealized pin connection, i.e. the gravity framing system resist zero lateral loading. Analysis of
damaged structures after the Northridge earthquake of 1994 determined that these connections
played a critical role in providing over-strength through their redundancy and toughness (SAC
1995). These findings led to research by Lui and Astaneh-Asi (2000), who proposed that simple
shear connections with the composite action of the floor slab may act as partial restrained
connection.
Lui conducted 16 full scale connection tests completed in two series of testing. The first
set of tests, (series A), were full scale tests based on designs of current practice. The second series
14

of testing, (series B), were connection designs based on the results of the first series of testing.
The first 8 specimen consisted of W18 and W24 beams with 4 and 6 bolt shear connections
respectively. A bare frame cyclic test was conducted for the W18 and W24 beams as to determine
the behavior without the contribution of a composite slab on beam. The remaining 6 test were
conducted with the inclusion of the composite slab accounting for slight variations in concrete
reinforcing in each W18 and W24 tests.
The results of the bare frame test determined that the W18 and W24 beam connections
reach 15% and 20% respectively of the beam plastic moment (Lui and Asaneh-Asi 2000). The
failure mode in each test was observed to be fracture of the shear tab after much slip and yielding.
The strength of the connection held stable with some stiffness degradation up to rotations of 0.15
radians which was the limiting value of the testing equipment. The tests including the composite
slab noted a lateral loading resistance twice that of the bare frame (Lui and Astaneh-Asi 2000).
Composite action was lost at a rotation of about 0.04 radians, at which time much cracking and
damage had occurred in the slab. Beyond this point the behavior of the connection reverted back
to that of the bare frame.

15

.
Figure 6 Moment rotation curve composite shear connection (Lui and Astaneh-Asi 2004)
Figure 6 illustrates the moment rotation behavior of a 4 bolt specimen with a composite
slab. It is clearly seen that around 0.04 radians a large reduction in strength occurs because of the
loss of composite action. The research also proposed a “backbone curve” to define and envelope
the response of a typical shear tab connection with a composite slab.

Figure 7 “Backbone curve” of composite shear connection (Lui and Astaneh-Asi 2004)
Figure 7 illustrates the moment rotation envelope constructed based on the 16 full scale
tests (Lui and Astaneh-Asi 2004). By enveloping the responses of the cyclic testing on the 16
16

specimen from this study, the researchers determined 3 positive and negative points of stiffness
change in the connection response. The slip rotation, Фslip , was experimentally determined to be
0.0042 radians with a moment of 25% of the maximum positive capacity. The maximum
moment, Mmax, was reached at a rotation of 0.04 radians, Фmax. Beyond the max moment capacity
of the connection reverted back to that of the bare frame, or 50% of the max positive moment.
The reserve strength provided by the gravity framing through these partially restrained
shear connections has become a topic of research since the adoption of the International Building
Code (IBC) which introduced seismic design into regions of North America that have not
typically considered earthquake hazards. The design of lateral force resisting systems in these
moderate seismic regions has typically been controlled by wind loading. Lateral force resisting
systems in these regions have typically been designed with an R=3, in which seismic detailing of
connections is not required to achieve higher levels of ductility. Research has proposed that the
design of dual systems in moderate seismic regions can achieve higher ductility and therefore be
designed for lower seismic loading (Hines and Fahnestock 2010). Dual systems typically consist
of a stiff shear wall or braced frame as the primary system with a moment frame as the secondary
system. Design of duel systems requires that the secondary system can resist 25% of the entire
seismic loading (ASCE 7-10). Research on stiff low ductility CBFs (Hines 2009), observed that
the reserve capacity provided by the gravity system became the primary collapse prevention
mechanism. Designs are possible in which the connections of the gravity system are detailed in
order to provide reserve capacity as a secondary systems. However, that is not the intention of
this research. The goal herein is to determine how the gravity system affects shear demands and
drift demands in the primary lateral force resisting system of a building structure.

17

2.3

Equivalent Lateral Force Procedure
The Equivalent Lateral Force (ELFP) procedure is used in some form in many national

building codes. This procedure provides a means to estimate the dynamic forces in a structure,
and equate them to equivalent static forces applied to the structure for which to design the lateral
force resisting system (LFRS).
The basis of modern ELFPs was proposed in the Tentative Provisions for the
Development of Seismic Regulations for buildings prepared by the Applied Technology Council
in 1978 (ATC 1978). This document provided the design guidelines from which many building
codes have been derived. The procedure is founded on determining the base shear of a structure
from the elastic acceleration response spectrum. The base shear is then reduced by over-strength
and ductility factors associated with a given LFRS. The reduced elastic base shear is distributed
along the height of the structure based on the LFRS’s first mode response.
The early phase of design is where the application of the ELFP is most often found. This
procedure is beneficial in providing estimates of design lateral forces for a structure with only
information on the site and general assumptions of the structural configuration and gravity
loading.
The procedure does have its draw backs. The equations are based on the first mode
response of the structure. This is the main reason the application of this procedure is limited small
to medium height buildings with no vertical or horizontal irregularities. In taller buildings, higher
mode effects contribute more to the response of the structure. Another drawback of this procedure
is the factors in the design equations are derived from statistical analysis of data resulting from
studies of the seismic performances of specific LFRS framing options. As a result, the ELFP may
not be applicable to LFRS that have not been extensively studied. The ELFP also gives no
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consideration to the gravity framing system in a structure, which may play a role in the seismic
response.

2.3.1 Base Shear
The base shear a structure is expected to resist is a function of site, gravity loading, and
structural characteristics. The ground acceleration variable is based on data collected for seismic
activity in an area, and is defined by the probability to exceed a certain motions magnitude in a
specific span of time (ATC 1978). The acceleration values are determined from an elastic
acceleration response spectrum (ATC 1978). Soil characteristics of the site are also considered in
predicting the magnitude of base shear for the building

V = CsW

Cs 

1.2 Av S
RT 2/3

(3)

(4)

where Cs is the seismic design coefficient, W is the seismic gravity load on the building, AV is the
coefficient representing peak velocity related acceleration, S is the coefficient for soil
characteristics, R is the response modification factor (elastic response reduction factor), and T is
the fundamental period of the building.
The main building characteristics considered in the ELFP are weight (W), fundamental
period (T) and the response modification factor (R). The seismic weight of the building can be
quantified simply. This value is the weight of the structure tributary to a structures LFRS. The
seismic weigh is defined as weight of the structural components and any reasonably expected
amount of service load at the time of a ground motion (ATC 1978). The buildings fundamental
period can be estimated by the ELFP as presented in equation (5), or taken as the fundamental
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period from modal analysis. The R factor is used to reduce the force demands of the elastic
response. Structures are expected to have inelastic deformations in a structure during an
earthquake. This factor takes into account the over-strength of the material along with the
ductility of the framing system to reduce the design demand for the structure (Whittaker, Hart
1999).

2.3.2 Vertical Distribution of Forces
After the base shear is calculated it is divided into equivalent lateral forces assigned as
point loads at story levels along the height of the LFRS.

Ta  Ct hn3/4

(5)

Fx  CvxV

(6)

Cvx 

wx hx k
n

wh
i 1

k

i i

(7)

Where Ta is the approximate fundamental period of the structure, hn is the structures total
height, Fx is the force applied to level x of the structure, Cvx is the vertical distribution factor per
story, wi,wx equal the portion of seismic weight at level i or x, hi,hx is the height of structure at
level i or x, k is the exponent related to the fundamental period of the structure which is linearly
interpolated between 1 and 2, depending on the structures fundamental period, and n is total
number of stories.
The distribution factors are derived from the fundamental mode of the structure. Setting
k, the period related exponent, equal to one will provided a distribution matching the fundamental
mode shape. The k exponent is meant to adjust this for higher order effects. Frames with larger
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periods (>1/2s) are applied a k value of up to 2. This exponent essentially moves some of the
applied base shear from lower to higher stories in the structure.
The period used for the calculations can be the fundamental period derived from modal
analysis of the frame structure, or can be estimated from the equation presented in the ELFP
(ATC 1978). The estimation of the fundamental period varies with different ELFP. Equation (5)
is from the original ATC recommendations and is still presented in ASCE 7-10.

2.3.3 Modern Building Code ELF Procedures
The original ELFP presented in the Tentative Provisions for Developing Seismic
Regulations for Buildings has evolved and been modified for inclusions in many national
building codes. First of all, more data has been collected on site and framing characteristics
leading to more frame specific variable values being included in ELFP equations. Other changes
have been made to the original procedure to account for inelastic and higher mode effects.
Specifically, the Uniform Building Code modifies the original ATC ELFP by applying a portion
of the base shear to the top story based on the fundamental period of the structure. The remaining
base shear is distributed as before along the height of the structure according to the first mode
response of the structure.
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Distributions based on the inelastic state of structures have also been proposed. The
distribution proposed in A Seismic Design Lateral Force Distribution Based on the Inelastic State
of Structures follows a similar format to the existing equations with the inclusion of a shear
distribution factor which is the ratio of story shear at level i to the top level of the structure (Chao
and Goel 2007).
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Where Fi is the force applied to story i, Cvi is the vertical distribution factor, V is the base
shear, wi ,wj are the weights associated with level i and j, hi,hj are the height of level I and j, α is a
constant, and T is the fundamental period. At the top level Bi+1 is equal to zero (Chao and Goel
2007). The distribution was determined by performing non-linear response history analysis for 4
types of moment and braced frames. Frames designed for this distribution observed more uniform
inter-story drift demands when compared to the distribution from the International Building
Code.
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2.4

Background Steel Plates Shear Walls
A steel plate shear wall (SPSW) is a lateral force resisting system that consists of a web

infill plate continuously connected to the beams and columns of a steel frame (Sabelli and
Bruneau 2007). These infill plates are in one or more bays of the frame up the entire height of the
building, and act as a cantilevered column to resist lateral forces (Sabell and Bruneau 2007).
Welded and bolted connections have been used in SPSW design, usually connected to a fish plate
on the boundary elements that has be shop welded (Sabelli and Brunea 2007).
The earliest use of SPSWs was in the seismically active country of Japan. These early
SPSW were designed to preform elastically for design seismic events. As a result, crowded
stiffener layouts were required to keep the web plate from buckling (Sabelli and Bruneau 2007).
Later research discovered that designing unstiffened web plates to buckle and deform inelastically
demonstrated desirable energy dissipating behavior (Thorburn et al.1983). This research proposed
that by limiting the failure of the web plate to buckling, the yield strength of the plate will not be
reached. After plate buckling, the mechanism resisting the shear changes from a beam type action
to that of a diagonally braced frame with tension only strips. The development of the tension field
in the post buckling behavior is reliant on the stiffness of the boundary elements to transfer the
resulting forces of the plate (Thorburn et al. 1983).
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Figure 8 Stiffened SPW (Sabelli and Bruneau 2007).

2.4.1 Unstiffened SPSW
Reliable analytical models needed to be created to correctly model the response of an
unstiffened SPSW. Wagner’s aeronautical research in the 1930’s was the first attempted to
understand the post-buckling strength of thin webbed materials (Wagner 1931). This research was
the first to offer a “strip model” of tension only discretized diagonal strips acting at the angle of
inclination of the tension field. The model ignored the buckling resistance of the plate assuming
pin connectivity to the boundary elements. This early research was modified for application to
SPSWs by Thorburn et al. (1983) at the University of Alberta.
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Figure 9 SPSW strip model (Sabelli and Bruneau 2007).
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Where α is the angle of inclination of the tension field, t is the thickness of the web plate,
h is the height of the SPSW panel, L is the length of the SPSW panel, Ab is the cross sectional area
of the beams (HBE), and Ic is the strong axis moment of inertia of the panel columns (VBE).
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Alpha, the angle of inclination of the tension field, was first derived through energy
methods of structural analysis within the strip model by Thorburn et al. (1983). Assuming ridged
boundary elements the strip angle could be related to the dimensions of the SPSW panel and
boundary element areas. Research recommended that a minimum of ten strips be used for
modeling purposed of each infill plate (Thorburn et al. 1983). Addition of strips beyond this
limit saw little increase in modeling accuracy. It was demonstrated by Bruneau et al. (2002) that
boundary element stiffness’ had a significant effect on the behavior of SPSWs. Models that were
analyzed with rigid boundary elements demonstrated the ideal behavior of simultaneous yielding
of the strips. Flexible boundary elements exhibited an hour glassing deflected shape where only
three of twelve strips were yielding in tension (Bruneau et al., 2002). This study demonstrated the
importance of rigid boundary elements to achieve the expected behavior out of the SPSWs.
In conclusions, research has demonstrated that the strip model is a reliable model to
represent the behavior of an unstiffened SPSW system. This simplified model consists of tension
only bracing oriented at the angle of inclination of the plates tension field derived through energy
principles. These braces are proportioned to the equivalent area of the steel plate and are oriented
in both directions in order to model the cyclic and hysteric behavior of a SPSW system.

2.4.2 Mechanics of SPSW’s
Lateral loads are resisted through tension field action in the web plates, as well as
overturning forces in the VBE of a SPSW panel (Sabelli and Bruneau 2007). Assumptions of the
behavior of SPSW include; shear webs carry only lateral loads, each web is bounded by rigid
HBEs and VBEs, and the buckling load of the slender web plate is very low and therefore
neglected in analysis
The desired behavior of a SPSW is uniform yielding of the web plate which requires very
stiff boundary elements designed to remain elastic. The plastics collapse mechanism preferred is
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one in which plastic hinges occur at the ends of the HBEs (AISC Committe on Specifications
2010). Hinges forming anywhere else in the HBE could hinder the development of yielding in the
tension field action in the web of a panel zone.

2.4.3 Design of SPSW systems
The basic design philosophy for SPSWs is to first proportion the web plate thickness at
each level of the frame for the expected lateral forces. The lateral forces used for the design in the
proposed research are those estimated by the standards ELFP. The web plate can be assumed to
take all of the design lateral force. In design, the web plate is assumed to only resist lateral forces
while all gravity forces are resisted by the boundary elements. After web plate thicknesses are
chosen at each level the boundary elements are designed to resist the capacity of simultaneous
yielding of the web plates at each story level (Sabelli and Bruneaum 2007). The boundary
elements are designed to stay elastic since it is critical they can carry the gravity loads to prevent
collapse on the structure. This is also important to properly develop a uniform tension field in the
web plate.
2.5. Nonstructural components’ influence on seismic response
Buildings are composed of many structural and non-structural components. Nonstructural building components include masonry infill walls, mechanical, electrical and other
architectural components. The structure is typically designed without any consideration of the
lateral stiffness gained from nonstructural components. It is common practice among design
engineers to neglect nonstructural components in the mathematical modeling of a building for
design purpose (SU et al. 2004). Neglecting the stiffness of nonstructural components leads to
buildings that are stiffer than bare frames used for modeling and design. However, neglecting this
stiffness leads to estimates of periods that are larger than that of the actual structure i.e. design
base shear values for the structure are larger than what the structure is designed for. Tests done on
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three-story reinforced concrete frames have shown an increase of up to 3 times the fundamental
period for frames with and without masonry infill walls (Chaker and Cherifati 1999). The tests
conducted induced small stains on the building so that the infill walls were not damaged (Chaker
and Cherifati 1999). The increase in stiffness and period will occur for service loads and low
seismic design where no damage to non-structural components is the design goal. However, for
large seismic design, non-structural components that are not reinforced will sustain damage and
no longer provide lateral stiffness (Smith and Vance 1996). At this point lateral stiffness and
energy dissipation are provided by only the lateral force resisting system.
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Chapter 3 Elastic Analysis

3.1

Introduction
Research presented in the literature review has demonstrated the gravity framing system

does participate in the lateral response of the building structural system even though its
contribution is typically ignored in the modeling and design of lateral force resisting systems. The
investigation of the effect of gravity framing on the demands in the primary lateral force resisting
system, i.e. inter-story drifts and story shear force demands, began by conducting a simple elastic
direct stiffness method analysis on a simple model of a coupled lateral force resisting system
(LFRS) and gravity framing system. The analysis procedure is presented, and the results
discussed to motivate further, system level, research on the effect of gravity framing. Results of
the elastic analysis demonstrate that gravity columns increase the lateral stiffness of the coupled
system beyond that of the lateral force resisting system alone.
3.2

Preliminary Analysis
A simple direct stiffness method analysis procedure was completed in order to verify the

proposed hypothesis that gravity columns affect the lateral stiffness, and provide motivation for
further systems level analysis including accounting for plastic deformations that would be
expected during a design level earthquake. The analysis examined the change in global lateral
stiffness of a three-story coupled lateral force resisting system (LFRS) with gravity columns. The
scope of this analysis procedure included the effects of continuous gravity columns attached to
the LFRS framing system by simple pin connection and ignores any rotational stiffness and
rotational strength provided by the shear tab connections. The non-linear behavior of these
connections was too complex to implement in this simplified analysis. However, it will be
implemented and studied extensively using more complex modeling in a parametric study
outlined in chapter 4.
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Figure 10 Coupled model for linear matrix analysis
Figure 10 shows a cantilever column (left) that represents a simplified model of a LFRS.
The cantilever possesses uniform properties in all three elements. The LFRS + Gravity Model
(right) consists of the same cantilever column coupled with a gravity column connected by pinended rigid truss elements capable of transferring only axial load. The rigid truss elements
connecting the LFRS to the gravity column approximate the behavior of the rigid diaphragm
(floor slab) during seismic response (ASCE 7-10). The rigid diaphragm idealization is permitted
by structures without building irregularities and small span to depth ratios of the plan layout of
buildings. This model assumes there is no moment resistance in the connection of the rigid links
to the LFRS or the continuous gravity column. Therefore, the results of the analysis indicate the
effect of the continuous gravity column to the lateral stiffness without consideration of other
factors such as rotational stiffness and rotational strength of the shear tab connection (Lui and
Astaneh-Asi 2004) or higher mode effects. The LFRS plus gravity model (LFRS+G) represents
an idealized model of a multi-story steel building system, while the cantilevered column models
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the LFRS alone. A unit load, P was applied to each system at DOF 7. Note that a uniform and
triangular load distribution was also considered but little effect was observed in the results of the
analysis.
A direct stiffness method analysis was used to determine the displacements of the two
framing systems under the applied unit loading. The global stiffness matrix was obtained by
mapping the member local stiffness matrices for each member. The member local stiffness
matrices were then combined into a global structural stiffness matrix through DOF mapping from
element member stiffness matrices to structure stiffness matrices in order to calculate global
displacements from the applied loading for both systems. Equation (12) provides the local
member stiffness matrices for the frame members.
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Equation (12) presents the local member stiffness matrix for the beam column element
used to couple the LFRS to the gravity column where, E is the member modulus of elasticity, L is
the member length, A is the member area, and I is the member moment of inertia. The frame
member is assumed to resist axial load and bending while ignoring shear deformations. This
behavior is applied to member stiffness matrices numbered 1 through 6 of the models in Figure
10.
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Equation (13) outlines the components of the local stiffness matrix for a truss member,
where E, A, and L are as previously defined. This type of member transmits only axial forces. A
large area was specified for these members to simulate axially rigid behavior replicating the effect
of the floor diaphragm. This behavior is applied to members 7 through 9 of the model in Figure
10
Equation (14) presents the matrix operations performed in order to determine the
displacement on the lateral degrees of freedom UGlobal for the LFRS and LFRS+G models, which
have 9 and 19 degrees of freedom respectively, see Figure 10.

U Global  SGlobal  PLoad

(14)

where Pload is a [9x1] or [19x1] load vector with a unit load at DOF 7 for the LFRS and frame
model respectively, SGlobal is a [9x9] or [19x19] structural stiffness matrix for the LFRS and frame
models, and UGlobal is a [9x1] or [19x1] global displacement vector for the respective models. The
lateral stiffness of each model was evaluated by dividing the unit load at DOF 7 by the DOF’s
resulting displacement.
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To determine the gravity column’s effect on the coupled system (LFRS+G) its flexural
rigidity was examined between a range of values. Figure 11, presented below, was created by
calculating the coupled systems global stiffness for gravity column moment of inertias (IG)
ranging from 0% to 100% of the LFRS’s moment of inertia. This range is meant to simulate the
size and number of columns in the gravity framing of a structure. The model also assumes that the
flexural rigidity of all gravity columns in a structure can be “lumped” into a singular column as
illustrated in couple system in Figure 10. This assumption remains valid when considering a rigid
diaphragm at all story levels.

Figure 11 Gravity column effects on lateral stiffness
Figure 11presents a summary of the results for the effect that gravity column flexural
rigidity, EIG, has on the global stiffness of the coupled frame, where KLFRS, is the global stiffness
of the LFRS, KLFRS+G is the global stiffness of the LFRS + G coupled system, IG is the aggregate
gravity column moment of inertia and ILFRS is the LFRS moment of inertia.
Figure 11 illustrates an increase in lateral stiffness of the coupled system when the
gravity column(s) have a flexural rigidity comparable to that of lateral force resisting system. It
verifies the previously stated hypothesis that if a frame has a significant amount of gravity
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columns, i.e. a large flexural rigidity provided by the gravity system, they will affect the global
lateral stiffness of the frame.
To better understand the amount of stiffness provided by the gravity columns in typical
steel framed buildings, a Steel Plate Shear Wall (SPSW) and Moment Resisting Frame (MRF)
lateral force resisting systems were designed for a modified version of the Structural Engineers
Association of California, Applied Technology Council, and Consortium of Universities for
Research in Earthquake Engineering (SAC) three-story office building from FEMA (2000). The

A

6 bays @ 30'

three-story building schematic used is illustrated in Figure 12.

B

3 @ 13'

4 bays @ 30'

Figure 12 Plan (A) and Elevation (B) layout of three-story archetype structure
Design seismic loading was determined through the equivalent lateral force procedure
outlined in the ASCE 7-10. The SPSW was chosen for the building archetypes for two reasons.
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First, it represents an upper bound on the stiffness of LFRSs which provides one bounding value
on the analysis. SPSW models for the archetype buildings were borrowed from previous research
investigating the seismic performance of SPSWs designed according to contemporary codes and
standards (Berman 2008). On the other hand, the MRFs represent a lower bound on the stiffness
of LFRSs giving a second bound of stiffness for the parameters being analyzed.
The SPSWs are a LFRS with high lateral force resisting capacity and stiffness. SPSWs
are usually present in only a few bays in the direction of lateral loading in a structures frame,
which leaves the majority of the structures frame to be gravity columns. MRFs are a less stiff
LFRSs by comparison to SPSWs but are an attractive LFRS because of the open plan layout they
provide, which is often desired by architects. The number of MRF bays in a structure varies by
design. Providing a large number of MRF frames reduces the size of beam and column elements
in the frame, but often is not economical because of the costs associated with detailing and
fabricating fully restrained moment resisting connections. Many economical designs provide
MRFs with relatively large member sizes to reduce the number of fully restrained connection,
therefore cutting fabrication cost and construction time saving additional money
The basis of this study was to show how the flexural rigidity of the gravity columns
affected the lateral stiffness of the coupled system (LFRS +G) for LFRSs designed for the
archetype structure as seen in Figure 12. The flexural rigidity of the gravity framing system, EIG,
was determined as the summation of the moments of inertias of all gravity columns in the frame
since they act in parallel with each other under the assumption of a rigid diaphragm. The moment
of inertia calculation assumes the gravity columns are bending about their strong axis under inplane lateral loading. This might not always be the case as the orientation of the gravity columns
is often based on conforming to the structural layout desired by the architect. The flexural rigidity
of the lateral force resisting system, EILFRS, was estimated for the SPSW and MRF through a
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pushover analysis in SAP2000 as well as hand calculations. The results of these analyses are
present in Table 1 below.
Table 1 Stiffness rations of gravity columns for MRFs and SPSWs

EIG/EIMRF EIG/EISPSW
Push Over Analysis
27%
3%
Hand Calculations
30%
7%
Average
29%
5%
The ratio of the flexural rigidity of the gravity to LFRS columns of the archetype SPSW
and MRF buildings are summarized in Table 1. This data establishes the practical range for the
ratio of flexural rigidity of all the gravity columns to the LFRS framing in SPSW and MRF
buildings.

Figure 13 Gravity column effects on lateral stiffness
Figure 13 combines the practical range for EIG/EILFRS values determined for an archetype
structure from Table 1 with the effect of gravity column flexural rigidity on the frame lateral
stiffness from Figure 10 Coupled model for linear matrix analysis to establish a more realistic
range of the effect of gravity columns on the lateral stiffness of building frames. From Figure 13,
the gravity columns add 5% more lateral stiffness to the SPSW model. For the MRF designed for
the same building archetype, the coupled gravity column increased the lateral stiffness by 25%.
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The results presented in Figure 13 suggest the gravity framing can add a considerable amount of
stiffness that is not accounted for in design using the procedures in ASCE 7.
Therefore, the simplified model confirms the hypothesis that gravity columns have a
significant effect on the lateral stiffness of building structural system. More extensive modeling
of the structures, including plastic deformations and earthquake ground motions, is required to
more fully understand the effects of the gravity framing system on story shear and drift
distributions.
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Chapter 4 Parametric Study

4.1

General
The elastic analysis conducted in chapter 3 demonstrates the gravity columns affect the

lateral stiffness of the coupled system. To further understanding the effect of the gravity framing
on the lateral response of steel frames nonlinear response history analysis is performed on a
model three-story frame to account for plastic deformations that would be expected during a
design level seismic event.
A schematic of the model used in the parametric study is shown in Figure 14. The model
created for the parametric study is a simplified representation of the three-story building
archetype for research from the Structural Engineers Association of California, Applied
Technology Council, and Consortium of Universities for Research in Earthquake Engineering
(SAC) from FEMA (2000) with SPSW designed by Berman (2011) and used for the elastic
analysis presented in Chapter 3.
The parametric study was conducted to determine how the following three aspects of the
coupled system affect the seismic response of the system:
1. Over-strength in the Lateral Force Resisting System
2. Partially restrained shear connection strength in the gravity frame
3. Flexural rigidity of the gravity columns
The effects of the three aspects of the coupled system were determined by evaluating the
shear and drift demands in the lateral force resisting system (LFRS). The forces developed in the
rigid links connecting the LFRS and gravity system (see Figure 14), indicate the level of
interaction that the gravity frame has in the response of the LFRS, and is monitored for each of
the three aspects outlined above.
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Figure 14 Three-story model used for parametric study
The model consisted of a LFRS coupled to a gravity framing system accounting for the
rotational strength and stiffness provided by the simple shear connection. The LFRS model
(Figure 14 Left) is represented by a simplified SPSW in which SPSW behavior is lumped into a
single brace member at each level. Beam and column connections at each story in the LFRS are
idealized as pin connections. As a result, the lateral force resistance is provided by only the
diagonal braces: a simplified representation of a SPSW infill plate. This simplification was
implemented to limit computational modeling time in running the parametric study.
The parametric study was conducted using the program Open System for Earthquake
Engineering Simulation, hereafter referred to as OpenSees (Mazzoni, et al. 2004). The parametric
model was constructed and analyzed under the following major assumptions.


Rigid diaphragm, i.e. nodes are constrained in the horizontal direction



Plasticity is concentrated at the ends of the gravity frame beams to represent the
rotational stiffness and strength of the shear connections.
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Non-linear behavior occurs in only the diagonal brace members and rotational
springs which represent the rotational strength and stiffness of partially restrained
shear connections.

The braces were modeled with a tri-linear hysteric material. The yield stress of the
material assumes A36 plate material which is factored by a Ry of 1.3; Ry is the ratio of expected
yield stress to minimum specified yield stress. The brace model did not consider buckling under
compression in order to replicate the hysteric behavior of SPSWs. The braces in the model were
sized based on forces from the equivalent lateral force procedure in chapter 12 of ASCE 7-10
(See Appendix C for sample calculations).
The flexural rigidity of all gravity columns from the archetype structure were divided into
the two gravity columns as shown in Figure 14. This was able to be done under the assumption of
a rigid diaphragm, meaning the systems act in parallel. The contribution of the gravity columns to
the response was dependent on their flexural rigidity, i.e. the size and number of gravity columns
in the frame. The strength of the shear connections with the composite slab were also able to be
lumped in the end of the beams in the gravity frame under the assumptions of a rigid diaphragm
and concentrated plasticity. These assumptions were verified by a static nonlinear push-over
analysis. The pushover analysis was carried out on two gravity frame models: (1) a one bay
gravity frame model with gravity column flexural rigidity EI, gravity beam flexural rigidity EI,
and partially restrained shear connection rotational strength M y (Figure 15A), (2) a two bay
gravity frame model connected in parallel with a gravity column flexural rigidity 1/2EI, gravity
beam flexural rigidity 1/2 EI, and a partially restrained shear connection rotational strength 1/2M y
(Figure 15B).
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Figure 15 Pushover analysis models; (A) One bay gravity frame (B) Two bay gravity
frame
As shown in Figure 15, two framing systems were considered for the pushover analysis.
The two bay model (Figure 15B) possessed the same capacities divided equally between two bays
as the one bay model (Figure 15A) possessed in its one bay. For equal lateral load, the one bay
gravity frame and the two bay gravity frame had the same drift values. Displayed below, in
Figure 16, are the pushover analysis results for the two frame schematics in Figure 15. Figure 16
verifies that columns, beams, and partially restrained shear connection of separate bays of the
gravity framing system acted in parallel with each other under lateral loading.
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Figure 16 Pushover analysis of coupled parametric model
Beams and columns in the coupled parametric frame model ( Figure 14) were assumed to
have no axial deformations. Given that the parametric study was conducted with a low-rise
building structure, axial deformations in the beam and column elements were negligible as
compared to the deformation in the members that provided lateral load resistance. Research of
estimation of natural periods for SPSWs (Lui, et. al 2013) determined that for a three-story SPSW
the shear frequencies controlled the modal periods of a structure.
Gravity loading was applied to the frame in a separate analysis before response history
analysis was conducted on the frames according to the loading specified for the three-story
archetype structure illustrated in Figure 12 (Gupta and Krawinkler 1999). The gravity loading
considered is outlined below in Table 2:
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Table 2 Building load information
Load Description

Load Value

Loading Notes

Floors and Roof

33 psf

3 inch metal decking with 2.5 inches of
normal weight concrete

Roofing

7 psf

typical

Ceiling/Flooring

3 psf

typical

Mechanical/Electrical

7 psf

typical

10 psf seismic load, 20 psf
for gravity design

per ASCE 7-10

Partitions

Exterior Wall 25 psf of wall surface average
Live Load
Seismic

including 42” parapet

50 psf

per ASCE 7-10)

See appendix C

per ASCE 7-10 ELFP

The three-story coupled system (Figure 13) and parametric study were designed to
investigate three aspects of gravity framing on the seismic response: (1) continuous gravity
columns; (2) partially restrained shear tab connections with rotational stiffness and strength; (3)
the distribution of over-strength in the LFRS. Where the over-strength is defined as the ratio of
the shear capacity to shear demand in the stories of a LFRS. Over-strength is discussed in more
detail in section 4.4.
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4.2

Base Model
This section describes the design of the base model’s components. The proportions for

the base model (or nominal model) were taken from a three-story archetype building in previous
research on moment resisting frames (Gupta and Krawinkler, 1999). The seismic loading was
determined based on applicable procedures in ASCE 7-10 (see appendix C for calculations). The
gravity framing flexural rigidities and shear connection strengths were determined based on the
gravity framing components designed for the archetype structures from previous research (Gupta
and Krawinkler, 1999).
Table 3 outlines the components of the base model. The LFRS was designed for a site
location of Los Angeles, CA and a Class D soil with adjusted design spectral acceleration
parameters of SDS and SD1 of 1.07g and 0.79g respectively. The seismic mass of the structure was
determined from the gravity loading information to be 526 kips at each story level. Rayleigh
damping of 2% applied to the 1st and 3rd modes was considered for the analysis.
Table 3 Base model specifications
Mass
Height
Story
Damping
(kip*s2/ft)
(ft)

Brace
Material

Expected
Yield
Stress
(ksi)

Brace
Area
(in2)

Gravity
Column
I (in4)

Shear
Connection
My (kip-in)

1

526

2%

13

A36

46.8

8.89

5750

16700

2

526

2%

26

A36

46.8

7.36

5750

16700

3

526

2%

39

A36

46.8

4.44

5750

16700

The ground motion acceleration time histories used in the parametric study are for Los
Angeles, CA and have a probability of exceedence of 10% in 50 years, which represents a return
period of 475 years. These ground motion time histories were created as a part of the SAC Joint
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Venture Steel Project (Somerville et al. 1997). Further details of ground motion time histories are
outlined in appendix B.
Figure 17 shows the material model assigned to the diagonal brace elements for the
analysis conducted in OpenSees. This model uses a tri-linear stress strain curve with 2.0%
isotropic strain hardening up to twenty times the yield strain and 0.2% strain hardening thereafter
as presented in Figure 17. Brace material was modeled as A36 steel accounting for an overstrength factor Ry of 1.3 resulting in an initial yield stress of 46.8 ksi.

Stress

0.002E
Fy

0.02E

E
ey

Strain

Figure 17 Tri-Linear material model for braces
The gravity frame elements shown in Figure 14 are modeled as elastic beam column
elements. The use of elastic beam elements is justified because the moment demands will always
be limited to a small fraction, , of the plastic moment strength of the beam due to the shear
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connection. It was also verified in the output of the analysis that the column elements remained in
an elastic stress range.
The final component of the parametric frame is the partially restrained shear connections.
Limited data is available on the strength and stiffness of these connections. Recently, (Lui and
Astaneh-Asi 2004) full scale testing of composite simple shear connections has provided
information about the rotational strength and rotational stiffness of said connections. The
rotational strength and rotational stiffness of the composite shear connections was implemented
by imposing the Pinching4 material model on zero length elements at beam column connections
in OpenSees. The Pinching4 material model was calibrated using the research data (Lui and
Astaneh-Asi 2004).
The “backbone” curve (see Figure 7) developed in the research (Lui and Astaneh-Asi
2004) was the basis of the material model calibration. The “backbone” curve provides three
distinct moment-rotation points in the positive and negative rotational direction for the strength
and stiffness of the connection to define the envelope of the hysteric response. This response
envelope from Lui’s research was used to calibrate the model of the partially restrained shear
connection used in the parametric frame model. The ultimate moment capacity of the connection,
Mu, was set equal to 30% of the yield moment of the beams in the archetype structures (see
appendix A and Figure 12). The ultimate capacity was determined to occur at a rotation of 0.04
radians (Lui and Astaneh-Asi 2004). The remaining points on the enveloping curve were
determined to be function of Mu. Slip occurred in the connection at an average rotation of 0.0042
radians corresponding to a moment of ¼*Mu. Composite action with the concrete slab was lost
directly after an average rotation of 0.04 radians corresponding to a moment of ½*Mu. A
comparison between the moment-rotation behavior implemented in the parametric frame model
and actual moment-rotation behavior of a composite shear tab connection (Lui and Astaneh-Asi
2004) is shown in Figure 18.
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Figure 18 Shear connection moment-rotation behavior (Top) OpenSees material model
(Bottom) Test data from research on composite shear connections (Lui and Astaneh-Asi
2004)
Key aspects of the behavior in the parametric material model (Top) agree well with that
of the full-scale test data (Bottom). Both plots show loss of composite action after a rotation of
0.04 radians. The parametric material model also captures the pinched hysteric behavior of the
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partial restrained shear connection with stiffness degradation of the connection once composite
action is lost.
4.3

Parametric Analysis
The parameters of three different aspects of the coupled lateral force resisting and gravity

systems model were varied to assess the interaction of these components on the seismic demands
in the LFRS. The aspects’ parameters that were varied are: (1) the plastic moment strength of the
shear connection with composite slab; (2) the flexural rigidity of the continuous gravity columns;
and (3) the ratio of over-strength between any two adjacent stories in the lateral force resisting
system. The parameters of each the three aspects of the coupled system were varied one at a time
to understand the interaction of each aspect on the seismic demands in the LFRS. Understanding
the interaction of a particular component might depend on the ground motion intensity. The
amplitude of the ground motions median 1s spectral response was scaled to 0.5* SD1, 1.0*SD1, and
1.5* SD1. The three intensities were chosen to approximate a moderate seismic event, the design
seismic event, and the maximum considered seismic event, respectively.
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4.3.1 Story Over-strength Ratio
The first 13, of a total 23, series of model simulations examined the effect of non-uniform
distributions of over-strength in the LFRS of the parametric model. MacRae (2004) determined
the gravity framing is engaged, i.e. begins to interact in the lateral force resistance, when nonuniform drift occurs over the height of the structure. One cause for non-uniform drift is likely the
result of designers not being able to match the capacity of the LFRS exactly to the design
demands. At some story levels the capacity will exceed the demand significantly and thus there is
over-strength. The over-strength provided on any story will vary depending on the designer’s
ability to match strength capacity to demands. To understand the concept of over-strength the
capacity at each story of the model is first defined as:

Vi  Fy * Ai *cos 

(15)

where Fy is the yield strength of the diagonal brace, Ai is the area of the diagonal brace, σ is the
angle of inclination of the diagonal brace, and Vi is the yield strength provided at story i.
Equation (15) is used to determine the lateral load carrying capacity at any level of LFRS in the
parametric model. The required capacity at any level of the parametric model is defined as:
n

Vireq.   Fi

(16)

i

where Fi is the design lateral load applied to story i (see Figure 19), n is the number of stories, and
Vireq. is the design lateral load demand at story i of the parametric frame model as determined in
ASCE 7-10 (see appendix C). The calculation in Equation (16) demonstrates that the design
lateral load demand in a story is the summation of the loads applied at and above the story.
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The ratio of the capacity of a story, Vi, and the design load at a story, Vireq, is the overstrength provided at the story as defined below:

i 

Vi
Vireq.

(17)

where Ωi is the ratio defining the over-strength provided at story i. While not being able to match
the exact capacity at level i of a structure, designs may possess non-uniform distributions of overstrength, Ωi provided along the height of a structure. When this occurs, non-uniform drift
demands will occur in the structure’s seismic response.
Lumped Mass

F3
Shear Connection
Partially Restrained

V3
F2

Composite
Gravity Beam

V2
F1

Continuous
Gravity Column

V1

Lateral Force Resisting System

Gravity Framing System

Figure 19 Parametric study model for story over-strength ratio simulations
The nominal values of the parameters for the gravity framing system are specified in
Table 3, and remained constant when varying the over-strength parameter for the LFRS. An overstrength ratio, Ωi, was imposed in a story of the parametric model by increasing the lateral
strength of the story, i.e. the area of the diagonal brace member representing SPSW behavior (Ai).
Imposing over-strength in select stories of the model will result in non-uniform inter-story drifts
during numerical earthquake simulation.
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The Ωi factor was varied from 1 to 1.30 for the three-story parametric frame model. The
range was chosen based on the over-strength provided in the SPSW models designed by Berman
(2010) and considered a representative range. From Berman (2010) the maximum over-strength
ratio was 1.20.
Table 4 outlines the possible combinations of story over-strength ratios for the three Ωi
factors used in the simulations of the parametric study. Case 1 is the base model (see Table 3)
with no story over-strength provided. This case represents a uniform distribution of over-strength
in which the over-strength is equal at all stories of the structure. Case 2-4 and 8-10 represent
situations when only one of the three stories has over-strength for the Ωi factors of 1.15 and 1.30
respectively. Cases 5-7 and 11-13 represent all possible combinations of over-strength in multiple
stories for Ωi factors of 1.15 and 1.30 respectively.
Table 4 Story over-strength ratio parameters
Story Over-Strength

Brace Areas (in2)
1
2nd
3rd
Story
Story
Story
8.89
7.36
4.44
10.22
7.36
4.44
8.89
8.46
4.44
8.89
7.36
5.11
10.22
8.46
4.44
10.22
7.36
5.11
8.89
8.46
5.11
11.55
7.36
4.44
8.89
9.56
4.44
8.89
7.36
5.77
11.55
9.56
4.44
11.55
7.36
5.77
8.89
9.56
5.77
st

Case
1
2
3
4
5
6
7
8
9
10
11
12
13

Notation

Ω1

Ω2

Ω3

Base

1.00
1.15
1.00
1.00
1.15
1.15
1.00
1.30
1.00
1.00
1.30
1.30
1.00

1.00
1.00
1.15
1.00
1.15
1.00
1.15
1.00
1.30
1.00
1.30
1.00
1.30

1.00
1.00
1.00
1.15
1.00
1.15
1.15
1.00
1.00
1.30
1.00
1.30
1.30

К1
К2
К3
К12
К13
К23
К1
К2
К3
К12
К13
К23

A “kappa” with a numerical subscript, e.g. к12, is used to concisely denote each
combination of over-strength. The base model represents a structure in which the area of the
diagonal brace is proportioned to meet the exact design demand at each story. Case 2 and 8
represent a structure where over-strength is provided in the first story represented by к1. For
51

combination к1, the area of the brace in the first story is increase beyond what is required based on
the design demand. Combination к12 represents a non-uniform distribution of over-strength in
which over-strength is provided in the 1st and 2nd stories of the structure. The remaining
combinations, кxy, represent all other possible combinations of over strength in the structure
where the subscripts x and y are the stories of the LFRS with over-strength provided.
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4.3.2 Effects of Shear Connection Strength
The next series of cases in the study had varied rotational strength of the partially
restrained shear connections with composite slab model. The lateral load carrying capacity of the
gravity frame was dependent on the maximum moment resistance provided by the partially
restrained shear connections with composite slab. The capacity of the gravity framing is
illustrated by the free body diagram of a gravity column in Figure 20.

Shear From Partially Restrained Connections

Shear From P-Delta Effects

Shear in Gravity System

P

P

B

d3
B

B

P

P
d2

d/2
Beam/Column
Centerlines

L

+

L

P

=

L

P

d1

Partially Restrained
Connection

A

VShear Connections

A

VP-delta

A

VGravity

Figure 20 Lateral load resistance provided by gravity framing system
The free-body diagram illustrates how the gravity frame with partially restrained
connections contributes to base shear resistance of the coupled frame system.
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The total shear resistance provided by the shear connections, can be determine by taking
moment equilibrium about point B, i.e. the top of the gravity column shown in Figure 20 (Left),
that results in:.

VShearConnection 

 M
L

pbeam

(18)

where VGravity is the shear at the base of the column due to the moment resistance in the partially
restrained connections, αMpbeam, and α is a fraction ranging between 0 and 1 where an value of 1
would indicate a fully restrained connection. At a rotation of 0.04 radians the simple shear
connections with a composite slab will develop a maximum moment of αMpbeam. For the nominal
structure based on the three-story archetype building discussed previously, αMpbeam at each level
was 1395 kip-ft. This moment capacity resulted from an α equal to 30%, which was an average
value from research on shear connections (Lui and Astaneh-Asi 2004). A pushover analysis of
the gravity frame system from the base model was conducted to verify moment rotation behavior
of the partially restrained shear connections was properly implemented in the parametric model.
The pushover analysis did not include P-delta effects from gravity loading. The results are plotted
in Figure 21 on the following page.
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Figure 21 Pushover analysis result for gravity frame
The maximum base shear provided by the shear connections in the pushover analysis was
equal to 109 kips shown in Figure 21. This agrees well with base shear provided by the shear
connections calculated through equilibrium in Equation (18) that was determined to be 107 kips.
Therefore, the behavior of the partially restrained shear connections has been properly
implemented in the parametric frame model in OpenSees.
The base shear capacity of the lateral force resisting system is determined by taking the
horizontal component of the ultimate strength of the diagonal brace in the first level of the LFRS,
(VLFRS) which equals 460 kips. Based upon the strength of the gravity system determined in
Equation (18), the nominal gravity system contributes 107 kips to the base shear, i.e. 23% base
shear capacity of the coupled system. The ratio of the two systems base shear capacity () is the
parameter that is the varied where  is defined as:



VGravity
VLRFS

(19)

where VGravity is the base shear capacity provided by the total gravity framing system, VLFRS is the
base shear capacity provided by the LFRS. The β parameter is according to the cases 14-18
outline in Table 5 with values ranging from 5% to 45%.
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Table 5 Gravity system lateral load capacity parameters
Gravity Frame Shear Capacity
Case
β
14
5%
15
15%
16
23% (Base structure)
17
35%
18
45%
For Cases 14-18 the over-strength factor, Ωi, was equal to 1 in all stories. The values for
the flexural rigidity of the gravity columns, EI, were also specified to be the nominal design
values (see Table 3). The range of β is meant to represent a reasonable range of participation from
the gravity framing. The contribution of the gravity frame to the base shear capacity is based on a
few factors. First is the depth of the beam members in the gravity framing system. The moment
resistance provided by the simple shear connections is correlated to the size of the shear
connection (Lui and Astaneh-Asi 2004) that are typically larger for deeper beams because the
larger shear force demands are placed on the connection. The second factor is the quantity of
gravity columns and simple shear connections in the building structure. The percentage of gravity
frames in the building system depends on the type of lateral force resisting system used and the
overall geometry of the building. Very stiff lateral force resisting systems, such as braced frames
and SPSWs, are typically only required in few bays of the entire building structural system. This
is often preferred by Architects and designer to provide more economical simple shear
connections on the remainder of the framing system that is not design to resist the lateral load, i.e.
gravity framing system.
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4.3.3 Effects of Gravity Column Flexural Rigidity
The final series of cases for the parametric study varied the flexural rigidity of the gravity
columns. The variables of the LFRS and the gravity framing system varied in this study are
shown in Figure 22.

x

Gravity Column W/
Flexural Rigidity EI

x
Brace with Lateral
Stiffness AE
L *Cos(x)

x

Lateral Force Resisting System

Gravity Framing System

Figure 22 Lateral stiffness of model components
The stiffness of any level of the lateral force resisting system is simply the axial stiffness
of the brace at any level in the lateral direction. The stiffness of the gravity column in the lateral
direction is based on its flexural rigidity EI. The ratio, , of the gravity column flexural rigidity to
the axial stiffness of the braces is defined as:



EI Gravity
AELRFS *cos( x)

(21)

where AELFRS*cos(x) is the lateral stiffness provided by the brace in the first level of the lateral
force resisting system and EIGravity is the gravity column flexural rigidity. The , parameter is an
indication of the size and number of gravity columns in the building structure. The nominal
structure possesses a µ equal to 15%. An idea of bounding values for this variable was
determined in the elastic preliminary analysis. A single bay moment resisting frame designed for
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the same archetype structure had a µ value equal to 29%. This was considered the most flexible
system possible for the archetype structure; therefore the upper bound on µ was set at 30%. A
SPSW, one of the most rigid lateral force resisting systems, had a µ value equal to 5% for the
archetype structure. Based on this range, five cases of µ were specified for the parametric study
as outlined in Table 6.
Table 6 Gravity Frame stiffness ratios of parametric study
Gravity Frame Flexural Stiffness
Case
µ
19
0%
20
5%
21
15% (Base structure)
22
25%
23
30%
Case 19 represents the theoretical lower bound for a building structural system where the
gravity framing system contributes zero stiffness to the lateral stiffness of the building structural
stiffness. The upper bound, Case 23, represents another extreme situation when a flexible lateral
force resisting system is present in a structure with a large number of gravity columns.
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4.4

Results of the Parametric Study
The parametric study was conducted to gain a better understand of how different aspects

of a building structural system effect the seismic demands in the lateral force resisting system.
The three aspects of the structure were:
1. Over-strength distributions in the LFRS
2. Partially restrained shear connection strength
3. Flexural rigidity of the gravity columns
The first 13 cases of the parametric study examined the effect of non-uniform
distributions of over-strength in the LFRS on the shear force and inter-story drift demands in the
structure. Cases 14-18 examined the effect of the rotational stiffness and strength of the partially
restrained shear connection and composite slabs. Case 19-23 examined the effect of the flexural
rigidity of the gravity columns. A complete outline of all cases in the parametric study is
presented in appendix D.
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4.4.1

Over-Strength Simulation Results
The results of the analysis on the effect of over-strength in the LFRS are discussed first.

The distribution of over-strength was varied in the LFRS of the parametric frame model for cases
1-13. There were 6 possible combinations of over-strength distribution denoted by the variable
κxy, These 6 combinations are described in detail in Table 7.
Table 7 Combinations of story over-strength
Over-Strength
Ratio
Combinations
κ1
κ2
κ3
к12
к13
к23

Study Case #s in Combination

Case: 2,8
Case: 3,9
Case: 4,10
Case: 5,11
Case: 6,12
Case: 7,13

Over-strength ratio, Ωi,
1st
Ωi>1
Ωi=1
Ωi=1
Ωi>1
Ωi>1
Ωi=1

2nd
Ωi=1
Ωi>1
Ωi=1
Ωi>1
Ωi=1
Ωi>1

3rd
Ωi=1
Ωi=1
Ωi>1
Ωi=1
Ωi>1
Ωi>1

Table 7 outlines the possible combinations of over-strength-ratio in the three-story model
for the parametric study. Where κ1, κ2, and κ3 represent the cases where there is an over-strength
ratio in the first, second and third stories respectively. The final three combinations, κ12, κ13 and
κ23 represent cases where there is over-strength in the first and second stories, first and third
stories, and the second and third stories, respectively. The cases were organized in this manner to
be able to see how the distribution of over-strength affects shear force and inter-story drift
demands as the magnitude of the over-strength factor increased.
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The shear force distribution for all combinations of over-strength at a ground motion
intensity of 1.0*SD1 are plotted in Figure 23. The main take away from the shear force distribution
plot (Figure 23) is that the shear demand increased for stories in which over-strength was
provided. This was an expected result because the distribution of capacity in the LFRS will affect
the forces seen in the response.

Figure 23 Story Shear force demands in LFRS for 1.0*SD1
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The drift distribution for all combinations of over-strength at a ground motion intensity of
1.0*SD1 are plotted in Figure 24. The plots demonstrate that when over-strength is provided in the
LFRS, inter-story drift demands will increase in levels of the structure that do not provide any
over-strength. This can clearly be seen in the к23 plot (bottom right of Figure 24). For this
combination, as the over-strength in the 2nd and 3rd stories increase, the inter-story drift demand in
the 1st story increases. The к23 combination is representative of the distribution of over-strength
seen in the lower stories of typical LFRS designs. The designs for the more detailed analysis in
chapter 5 possessed a distribution of over-strength in the bottom stories represented by the
combination к23.

Figure 24 Drift demand for 1.0* SD1
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The plots for shear (Figure 23) and drift (Figure 24) demands show that the demands in
the LFRS are affected by over-strength. To get a better understanding of the effect at story level,
Figure 25 plots the shear and drift demands in the first story as a function of over-strength for
each level of ground motion intensity.

Figure 25 First story shear demand vs. Ω (Top) and Drift demand vs. Ω (Bottom)
The shear and drift plots confirm what had been seen in Figure 23 and Figure 24, which
is that the shear demands increase a story has over-strength and drift demands increase in when
the story has no over-strength.
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From Figure 25, it can clearly be seen that non-uniform distributions of over-strength in
the LFRS affects the shear and drift demands that are developed in the LFRS. The question now
becomes how the over-strength in the LFRS affects the gravity framing’s interaction in the
response of the LFRS. This was determined by plotting the rigid link forces and gravity column
shear forces in the system as a function of over-strength (Figure 26).

Figure 26 Rigid link and gravity frame shear forces in the first story for 1.0*S D1.
The top three plots in Figure 26 are the link forces in the first story (normalized by the
link force for the base model with no over-strength) plotted as a function of the story overstrength. These plots show that for over-strength combinations к2, к3, and к23, where over-strength
is not provided in the first story, the link force in the coupled system increases.

For the

combinations with over-strength in the second and third stories, к23, the link force increased by
40% over the base model for an over-strength ratio of 1.3. This indicates that the gravity frame
contributes more to the response in stories that have no over-strength. The link force plots also
demonstrate than when over-strength is provide in the first story (see link in Figure 14), as in
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combination к1, к12, and к13, the link force is reduced, which indicates that the gravity frame has
less interaction at stories of the structure where the over-strength is provided in the LFRS.
The bottom three plots in Figure 26 present the shear force in the first story of the gravity
frame (normalized by the first story shear force for the base model) as a function of over-strength.
The first story gravity frame shear shows the same trends as the link force. For over-strength
combinations к2, к3, and к23, where over-strength is not provided in the first story, the shear
demands in the first story of the gravity frame increase. This increase in demand was proportional
to the increase in the link force, which for к23 was 40% over the base model force. When overstrength is provide in the first story, as in combination к1, к12, and к13, shear in the gravity frame
decrease as did the link forces.
Plots for the demand in the second and third stories can been seen in appendix E. The
same trends were observed in these stories. Where the contribution of the gravity frame increased
when no over-strength was provided in the story, while other stories in the frame had overstrength.
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4.4.2

Partially Restrained Connection Strength Simulation Results
The results presented within this section of the report are for the effect that the strength of

the partially restrained shear connection had on shear and drift distributions in the LFRS. The
strength of the shear connections was increase through the β factor is the ratio of base shear
resistance provided by the rotational strength of the partially restrained connections to the base
shear resistance provided by the LFRS. It is important to note that for these simulations there was
no over-strength present in any stories of the LFRS.
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Plotted below, in Figure 27, is the shear and drift demands in the LFRS as a function of β.
The shear force plots demonstrate that the distribution of shear forces do not change as the
strength of the partially restrained connections change. The strength of the partially restrained
connections has zero effect on the distribution of shear forces in the LFRS at any level of ground
motion intensity. The partially restrained connection do have a slight effect of the on the drift
demands for the 0.5*SD1 ground motion intensity. For the β=5%, which represents a small
rotational strength, there is a drift concentration in the third story. As β increased this drift
concentration was eliminated. At the higher levels of ground motion intensity, where the LFRS
undergoes plastic deformations, the shear connections do not affect the drift demands in the
LFRS.

Figure 27 Story shear demand vs. β (Top) and Drift demand vs. β (Bottom)
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It was shown in Figure 27 that the strength of the partially restrained shear connections
did not have an effect on the shear distributions or the drift demands for 1.0*SD1 and 1.5*SD1
events. The link forces and gravity frame shear will now be evaluated to determine if the gravity
frame contributed to the response of the LFRS as a function of the strength of the partially
restrained shear connections.
Shown below is Figure 28 are the link forces (top) and gravity frame shear forces
(bottom) plotted as a function of β. The link force plots demonstrate that the force transferred
between the gravity system and the LFRS is not sensitive to the strength of the partially restrained
shear connections for 1.0*SD1 and 1.5*SD1 ground motion events. The change in the link demands
in the 0.5*SD1 could be attributed to the fact the LFRS remained elastic under this ground motion
intensity.

Figure 28 Rigid link and gravity frame shear forces for partially restrained connection
simulations
Shown in the bottom three plots of Figure 28 are the shear forces in each story of the
gravity framing as a function of the partially restrain shear connection strength β. The plots
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indicate that the shear demand in the stories of the gravity framing system increased as the
strength of the partially restrained shear connections increased. This result was expected because
as the strength of the system increases the forces in the system are expected to increase under the
fundamental principles of dynamics. However, for the 1.0*S D1 and 1.5*SD1 events, this increase in
shear force in the gravity system did not translate into increased demands in the LFRS, as
indicated by the shear force plots of the LFRS (Figure 27), and the link force plots in the top of
Figure 28. This can be attributed to the LFRS having uniform over-strength and therefore uniform
drift demands. The over-strength simulations (cases 1 to 13) demonstrated that the gravity frame
affects the demands in the LFRS when non-uniform over-strength is provided, which creates nonuniform drift demands in the structure.
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4.4.3

Gravity Column Flexural Rigidity Simulation Results
The results presented within this section of the report are for the effect that gravity

column flexural rigidity had on shear and drift distributions in the LFRS. The flexural rigidity of
the gravity columns was varied through theµ factor which is the ratio of gravity column flexural
rigidity to the lateral stiffness provided by the LFRS. It is important to note that for these
simulations there was no over-strength present in any stories of the LFRS.
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Plotted below, in Figure 29, is the shear and drift demands in the LFRS as a function of
µ. The shear force plots demonstrate that the distribution of shear forces do not change as the
flexural rigidity of the gravity columns is varied. However, the drift demands are affected by the
flexural rigidity of the gravity columns. For the plot of µ=0, for which the flexural rigidity of the
gravity columns in zero, there is a concentration of inter-story drift is the third story of the LFRS.
As the flexural rigidity of the gravity columns, µ increases the drift demands in the LFRS become
more uniform.

Figure 29 Story shear demand vs. µ (Top) and Drift demand vs. µ (Bottom)
It was shown in Figure 29 that the flexural rigidity of the gravity columns did not have an
effect on the shear distributions in the LFRS. However, drift demands were became more uniform
as the flexural rigidity of the gravity columns increased. The link forces and gravity frame shear
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will now be evaluated to determine if gravity frame contributed to the response of the LFRS as a
function of the flexural rigidity of the gravity columns.
Shown below in Figure 30 are the link forces (top) and gravity frame shear forces
(bottom) plotted as a function of µ. The link force plots demonstrate that the force transferred
between the gravity system and the LFRS is sensitive to the gravity columns flexural rigidity only
when a non-uniform drift occurs. The link force in the second story of the gravity frame increase
the most because there is a drift concentration in the third story of the LFRS when µ=0. The
flexural rigidity of the gravity column has to provide more uniform drift. This is accomplished in
the system by a transfer of forces from the gravity frame to the LFRS through the link in the
second story.

Figure 30 Rigid link and gravity frame shear forces for gravity column flexural rigidity
simulations
Shown in the bottom three plots of Figure 30 are the shear forces in each story of the
gravity framing as a function of the gravity column flexural rigidity µ. The figure demonstrates
that as the flexural rigidity of the gravity column increases, the shear forces developed in the
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gravity systems also increase. Once again this is expected by the understanding of the
fundamental principles of dynamics. This increase in demands in the gravity framing system does
not affect the demands of the LFRS unless non-uniform drifts occur.
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4.5

Discussion of results
The parametric study was conducted to gain a better understand of how different

components of a building structural system affect the seismic demands in the lateral force
resisting system:
1. Over-strength in the LFRS
2. Partially restrained shear connection strength in the gravity framing system
3. Flexural rigidity of the gravity columns
To evaluate the effect of the three aspects, tables 8, 9, and 10 summarize the demands in
the gravity framing and LFRS. First, the range of shear demands in the LFRS are presented in
Table 8 as a function of the three aspects of the framing system analyzed, Ω (over-strength), β
(partially restrained shear connection strength), and µ (gravity column flexural rigidity). Table 8
shows that the shear in the LFRS is affected the most by the distribution of over-strength in the
LFRS. The partially restrained shear connections and flexural rigidity of the gravity columns do
not affect the shear forces in the LFRS when a uniform distribution of over-strength is provided.
Table 8 Shear values in the LFRS as a function of Ω, β, and µ
Range of VL (kips)
Story
Ω
µ
β
1 373-451 367-372 367-376
2 293-354 290-297 290-300
3 187-227 182-185 182-190
Table 9 presents the range of shear demands in the gravity framing as a function of the
three aspects of the framing system studied, Ω, β, and µ. The data shows that the two factors
affecting the shear demands in the gravity framing are Ω (over-strength) and β (flexural rigidity
of the gravity columns). The data also indicates that larger forces in the gravity framing are
developed in the second and third stories of the structure.
Table 9 Shear Values in Gravity Framing as function of Ω, β, and µ
74

Story
1
2
3

Range of VG (kips)
Ω
µ
β
13-33 17-19 0-32
23-63 29-41 0-58
27-61 33-46 0-60

Table 10 presents a range for the ratio of the gravity framing shear to the LFRS shear for
the three aspects of the framing system varied in the parametric study. The range of values
indicates that Ω (over-strength) and β (flexural rigidity of the gravity columns) are the factors
that contribute most to the response. The data in Table 10 also demonstrates that the ratio of
demands increases in the upper stories of the structure. This can be attributed to the fact that the
gravity framing’s capacity was uniform in all stories, while the capacity of the LFRS was varied
to match the design demands which decrease up the height of the structure.
Table 10 Ratio of Gravity Framing shear to LFRS shear as function of Ω, β, and µ
VG/VL
Story
Ω
µ
β
1 0.03-0.08 0.04-0.05 0-0.09
2 0.07-0.20 0.10-0.14 0-0.19
3 0.13-0.32 0.18-0.25 0-0.33
Of the three aspects of the framing system considered, the Ω (over-strength) had the
greatest impact on the engagement of the gravity frame which intern affected seismic demands in
the LFRS. Non-uniform distributions of over-strength in the LFRS led to non-uniform drift
demands. Because of the compatibility imposed between the LFRS and gravity framing systems
by the rigid diaphragm (Figure 14), which was modeled by the rigid links connection the two
systems, forces were developed in the gravity framing system that were in turn transferred
through the LFRS as indicated by the increase, or decrease, in link forces shown in Figures 26,
28, and 30.

75

The shear forces developed in the gravity framing system were mainly a function of the
flexural rigidity of the continuous gravity columns. Non-uniform drifts resulting from nonuniform distributions of over-strength caused the gravity columns to deform because of the
compatibility between the two systems. The forces developed in the gravity columns helped to
reduce non-uniform drifts by transfer of forces through the rigid links in the system.
The strength of the partially restrained shear connections did not affect the demands in
the LFRS for 1.0*SD1 and 1.5*SD1 ground motion events. The shear forces developed in the
gravity framing system increased as the strength of these connections increase. However, this did
not translate into a transfer of forces between the gravity framing system and the LFRS.
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Chapter 5 Analysis of Multi-Story SPSWs

5.1

Introduction
The results of the elastic analysis and nonlinear parametric study determined the gravity

framing system affects the seismic demands in the lateral force resisting system, i.e. story shear
force and inter-story drifts, in simple three-story structures subjected to seismic loading.
Specifically, the parametric study concluded that the most important aspect of a structure that will
cause the gravity framing system to affect the demands in the LFRS is non-uniform distributions
on over-strength in the LFRS. Non-uniform distributions of over-strength will cause the structure
to have non-uniform drift demands. When this occurs, compatibility imposed between the LFRS
and the gravity framing system will cause the gravity columns to bend/shear, which in turn
transfers shear forces through the rigid diaphragm to the LFRS affecting the demands in the
LFRS.
In this chapter more detail code designed SPSW frame models of 3, 9, and 20 stories
were analyzed to determine the effects the gravity framing system have on the response of the
LFRS. The code designed SPSWs were designed and analyzed to build upon the information
determined in the parametric study. There were three main reasons why more detailed code
designed SPSW LFRS models of different heights were analyzed.
The first reason was to analyze code designed SPSWs which had realistic distributions on
over-strength along the height of the structure. The parametric study examined a series of
combinations for over-strength distribution. However, the combinations were part of an academic
exercise and not all combinations considered reflect realistic distributions of over-strength. The
SPSWs in this analysis were designed to meet design shear force demands (ASCE-7-10), while
also considering the availability of material sizes.
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The second reason for the more detailed analysis was to determine how the gravity
framing affected the demands in the LFRS as the structures height increased, that is whether
higher modes of response increase or decrease the participation of the gravity frame and its
interaction with the LFRS. The parametric study was conducted on a 3 story model. The more
detailed analysis was conducted on structures of 3, 9, and 20 stories. Therefore, the more detailed
analysis will give an indication of how the height of the structure affects the gravity framing
systems contribution to the response of the LFRS.
Finally, the detailed nonlinear models analyzed in this chapter better represent the
behavior of the infill plate and its interaction with the boundary elements in the SPSW. The
simplified 3-story nonlinear model used for the parametric study used a single brace element at
each floor to as a simplified way of representing the SPSW infill behavior. The more detailed
models analyzed in this section will capture a more representative interaction on the infill plate
and the boundary elements of the SPSWs.
5.2

Frame Models
Building archetypes with 3, 9, and 20 stories were chosen to design SPSW lateral force

resisting system (see Figure 31) (Berman 2010). The SPSWs analyzed were designed for
modified versions of the SAC buildings by Jeffrey Berman in his work on the Seismic behavior of
code designed steel plate shear walls (Berman 2010). These buildings were assumed to be
located in Los Angeles, California on a site with class D soil and design spectral accelerations SDS
and SD1 of 1.07g and .79g and maximum considered spectral response parameters S MS an SM1 of
1.61g and 1.19g (Berman 2010). The seismic loading on the structures was determined through
the equivalent lateral force procedure in ASCE 7-10 (see appendix C).
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6 bays @ 20'

5 bays @ 30'

6 bays @ 30'

4 bays @ 30'

5 bays @ 20'

3 @ 13'

9 @ 13'

20 @ 13'

4 bays @ 30'

Figure 31 Building archetypes (Left) three-story (Middle) nine-story (Right) twenty-story
The building archetypes were based upon steel moment resisting frames used in the SAC
steel project (Gupta and Krawinkler 1999). The three and nine-story frames have a plan layout
with bay widths of 30 ft whereas the twenty-story structure has bays that are 20 ft wide. The dead
and live loads used to design the gravity and lateral force resisting systems were those presented
in Table 2 that were taken from Gupta and Krawinkler (1999).
It was determined in the previous research (Gupta and Krawinkler 1999) that seismic
loading controlled the design of the lateral force resisting systems for these structures; therefore
wind loading was not considered.
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Each of the SPSW frames analyzed had panel centerline-to-centerline dimensions of 13 ft
tall and 15 ft wide, and were assigned pinned connections at their base (see Figure 32).

Lumped Mass
Rigid Offsets
Alpha

13'

Distributed Plasticity
Beam-Column Elemets
13'
Tension Only Strips

13'

15'

Figure 32 SPSW model schematic
Member sizes and plate thickness are listed in tables in appendix A. The steel material
was assumed to be A992 for boundary elements and A36 for infill plates with yield stress of 50
ksi and 36 ksi respectively. The boundary elements were modeled using nonlinear beam-column
elements with fiber cross-sections and distributed plasticity. The Giuffre-Menegotto-Pinto
(Filippou et al. 1983) model was used to define the boundary elements’ material behavior. The
Giuffre-Menegotto-Pinto model includes both kinematic and isotropic hardening. The model
parameters of yield stress, elastic modulus and strain hardening were specified to be 50 ksi,
29,000 ksi, and 2%, respectively following Berman (2010). Rigid offsets at boundary element
intersections were used to account for the distance between the end of the beams and the
centerline of the columns.
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The infill plates of the SPSW were modeled using the widely accepted strip model
approach (Thorburn et al. 1983). Past research has demonstrated the hysteric behavior of the
strip model agrees well with the results of experimental tests performed on SPSWs (Driver et a.
1998). A minimum of 22 diagonal tension only strips were used to represent the SPSW infill
panel in each story. Strips were present in both directions to resist dynamic lateral loading. Strips
were modeled with pin connections to the boundary elements at an angle of 42 degrees. The strip
area was assigned based on plate thicknesses and the tributary area associated with each strip.
Strips were modeled as tension only truss elements with the Hysteric Material model in the
OpenSees. This model with tension only strips in both directions of lateral loading captured the
hysteric behavior demonstrated by the web plates of SPSWs in dynamic applications (Berman
2010). This model uses a tri-linear stress strain curve with 2% isotropic strain hardening up to
twenty times the yield strain and 0.2% strain hardening thereafter as illustrated in Figure 17. The
infill plate material was modeled as A36 steel accounting the expected minimum yield stress as
opposed to the minimum specified yield stress, resulting in an initial yield stress of 46.8 ksi.
Mass was lumped at nodes located at the intersection of the beam column centerlines
corresponding to the tributary area from the archetype buildings (see Figure 33). The mass was
assigned to participate in only the lateral degrees-of-freedom, since the gravity load was applied
to the structure in a separate analysis. Rayleigh damping of 2% was assigned to the first and nth
modes of the structure, where n is the number of stories.
A total of six SPSW frame models were constructed and analyzed. For each building
archetype, e.g. three, nine, and twenty-story, two models were created and analyzed. The first set
of models consisted of the SPSW only as a base model. The second set of models included a
gravity column, with the aggregate flexural rigidity of the gravity columns in the archetype
buildings, attached by pin-ended rigid links, again assuming the floor diaphragm is rigid.

81

Lumped Mass

Alpha

Distributed Plasticity
Beam-Column Elemets

Pinned Rigid Link
P-Delta Column w/
No bending Capacity

Tension Only Strips

Figure 33 SPSW model with P-Delta column
Figure 33 illustrates the SPSW strip model with a P-Delta column offset from the frame
and connected with rigid truss links at the story levels. This column was restrained by a pin
support at its base with gravity load of the tributary area associated with the SPSW applied at
each story level of the P-Delta column. The P-Delta column modeled the overturning forces
developed from second order effects as required by ASCE, and had zero moment of inertia so that
it did not provide lateral stiffness. Axial deformations in the P-Delta column were ignored. Note
that in Figure 33 strips are only shown in one direction at an angle of alpha. The models analyzed
provided the same strip elements at an angle of negative alpha to resist lateral loading in the
opposite direction.
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Lumped Mass

Alpha

Distributed Plasticity
Beam-Column Elemets

Tension Only Strips

Pinned Rigid Link

Gravity Column w/
Agregate I of Gravity
Framing System

Figure 34 SPSW model with gravity columns
The SPSW strip model with the inclusion of gravity framing is illustrated in Figure 34.
Everything in this model was consistent with the model in Figure 33 except for the attached
column. Here the column is given the aggregate moment of inertia of the columns in the gravity
framing system from the respective archetype structure being modeled, whether it was the three,
nine, or twenty-story structural system. This value is the summation of half of the gravity column
moment of inertias, assuming the gravity frame will participate equally with each of the two
SPSW in the direction of lateral loading of the archetype buildings. It is assumed that the gravity
columns will bend about their strong axis.
5.2

Non-linear Response History Analysis
Response history analysis was performed using a suite of ground motions organize for

the SAC Joint Venture Steel Project (Somerville et al. 1997), herein referred to as the “SAC
ground motions.” The suite consists of 20 ground motions with a 10% probability of exceedance
in 50 years that corresponds to a design basis earthquake with a return period of 475 years. The
suite of ground motions was scaled to match SD1, the design spectral response parameter of 0.79g,
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for the purpose of analyzing the archetype SPSW building models. Newmark’s integration
method (Newmark 1959) was utilized to determine the dynamic response of the frame at each
time step in the analysis. The Krylov Newton algorithm (Scott and Fenves, 2010) was used to
iterate at each time step to obtain state of the nonlinear system. This algorithm matches the speed
of convergence of the Newton Raphson method at a lower computation cost (Berman 2010). The
element forces and displacements are recorded in OpenSees at constant time increments of one
thousandth of a second for the duration of the ground motions for the purpose of post-processing.
F3

3rd Story
V3
F2

2nd Story
V2
F1

1st Story
V1

V

Figure 35 Free body diagram of three-story shear wall
Figure 35 illustrates a free body diagram of the SPSW with breaks at the mid-height of
each story levels to illustrate how the story shear forces were determined. For each analysis, the
story shear forces were determined by summing the shear force in the vertical boundary elements
(VBEs), i.e. columns, and the horizontal force components of the strip force crossing the break
line.
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Figure 36 Strip deformation
Figure 36 illustrates the elongation of a single diagonal strip at a given story for the
calculation of the ductility demands. Ductility demand represents the plastic demands imposed on
the steel plate at any story. The ductility at each story was defined as the max strip elongation,
max divided by the yield elongation for that strip,

 



Strip

Yield

(19)

where Δstrip is the deformation of the SPSW in the strip model, ΔYield is the yield deformation, and
γ is the ductility demand which defines how far a strip is deforming in the plastic range, where γ
values less than one represent elastic deformations and γ values greater than 1 represent plastic
deformations.The ductility demands were determine by recording the strip elongations in
Opensees and dividing them by the yield elongation. The maximum shear and ductility demands
from each ground motion were determine by post processing the Opensees data in Matlab.
Boundary element forces, strip forces, and strip elongations were reordered in OpenSees
for each ground motion time history. The maximum story shear forces and corresponding
distribution were determined using a Matlab (Mathworks inc, 2000) routine developed to postprocess the OpenSees response data for each nonlinear response history analysis. The data from
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all 20 ground motions was processes, and median values were determined for presentation in the
following figures. The shear and drift demands plotted below represents the median demands
taken from the 20 maximum response values of the SAC ground motions under response history
analysis.

Figure 37 Response history analysis results for three-story SPSW
Figure 37 displays the shear demand versus the shear capacity (left), shear distribution
(middle), and ductility demands (right) from response history analysis. The demand versus
capacity plot on the left of Figure 37 shows the over strength distribution. The three-story code
designed SPSW has a distribution of over-strength that resembles a κ2 combination in which the
largest over-strength is provided in the second story. For this distribution of over-strength in the
parametric study, the inter-story drift demand in the third story of the model increased while the
inter-story drift demand in the second story decreased. The results of the parametric study agree
well with the ductility demands seen in the more detailed SPSW, where a larger ductility demand
indicates a larger inter-story drift in a given story. For the more detailed three-story SPSW the
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ductility demands increased in the third story while decreasing in the second story as a result of
the contribution of the gravity frame.

Figure 38 Response history analysis results for nine-story SPSW
Figure 38 displays the shear demand versus the shear capacity (left), shear distribution
(middle), and ductility demands (right) from the response history analysis. The shear plot shows
that the gravity frame did have an impact on the shear distribution of the structure in response
history analysis. In levels 3 and 6 there is a jump in shear demand. At these stories there are web
plate transitions and therefore column transition. This result agrees with the parametric study
which found that locations of relative story over-strength attract more shear force.
The ductility demands of the SPSW are also affected by the interaction of the gravity
frame. The gravity frame made the ductility demands in the LFRS more uniform. This was
achieved by a reduction in the concentration of ductility in the upper stories of the structure. This
was expected because the parametric study demonstrated that the flexural rigidity of gravity
columns was able to reduce the drift concentration that occurred in the top story of the parametric
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model. The increase in ductility demands in the lower stories of the nine-story model can also be
related to the parametric study. For the parametric cases evaluating the effect of columns flexural
rigidity, a concentration of inter-story drift occurred in the third story for the system with a
gravity column flexural rigidity equal to zero. When this occurred the link force in the second
story increased (see Figure 30). This transfer of forces increased the inter-story drift demand in
the second story while decreasing the inter-story drift demand in the third story of the parametric
model. The ductility demands in the nine-story model are analogous to what was seen in the
upper stories of the parametric study. The flexural rigidity of the gravity columns helped reduced
ductility demands in the upper stories while increasing ductility demands in the lower stories.

Figure 39 Response history analysis results for twenty-story SPSW
Figure 39 displays the shear demand versus the shear capacity (left), shear distribution
(middle), and ductility demands (right) from response history analysis. The shear plot shows that
the gravity frame did have an impact on the shear distribution of the structure in response history
analysis. In levels three and six there is a jump in shear demand. At these stories there are web
plate transitions and therefore column transitions.
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Ductility demands in the lower stories of the twenty-story model increased when
including the gravity framing as was seen in the nine-story model. For the parametric cases
evaluating the effect of columns flexural rigidity, a concentration of inter-story drift occurred in
the third story for the system with a gravity column flexural rigidity equal to zero. When this
occurred the link force in the second story increased (see Figure 30). This transfer of forces
increased the inter-story drift demand in the second story while decreasing the inter-story drift
demand in the third story of the parametric model. The ductility demands in the twenty-story
model are analogous to what was seen in the upper stories of the parametric study. The flexural
rigidity of the gravity columns helped reduced ductility demands in the upper stories while
increasing ductility demands in the lower stories.
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Table 11 Eigen value analysis results
SPSW 3M Periods
SPSW+
Mode
SPSW
G
1 0.405
0.405

SPSW 9M Periods
SPSW+
Mode
SPSW
G
1 1.141
1.140

SPSW 20M Periods
SPSW+
Mode
SPSW
G
1 3.660
3.560

2 0.150

0.146

2 0.306

0.305

2 0.922

0.840

3 0.087

0.080

3 0.161

0.160

3 0.417

0.352

4 0.114

0.112

4 0.265

0.207

5 0.086

0.083

5 0.179

0.137

6 0.071

0.068

6 0.142

0.099

7 0.063

0.059

7 0.116

0.075

8 0.055

0.050

8 0.094

0.059

9 0.049

0.044

9 0.078

0.047

10 0.068

0.038

Table 11 displays the periods determined from each of the 6 SPSW models from an eigen
value analysis in Opensees. In the three-story frame the addition of the gravity columns did not
change the fundamental period and reduced the 2nd and 3rd mode periods by a negligible amount.
The gravity framing also did little to affect the modal periods in the nine-story frame as well.
However, in the twenty-story frame there was a 10% reduction in the fundamental period, with
higher mode periods being reduce by an even greater percentage with the coupled system.
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5.3

Summary of Results
The more detailed code designed SPSW models were analyzed to determine how the

gravity frame affected the response of LFRSs that possessed a realistic distribution of overstrength. The analysis agreed well with the parametric study.


Locations of plate transitions in the SPSWs were locations where large disparities in
over-strength occurred between adjacent stories. At these locations the shear demands
increased in the story with the larger over-strength, which is what was demonstrated in
the parametric study.



The non-uniform distributions of over-strength provided in SPSWs caused non-uniform
drift demands, which were also observed in the parametric study on over-strength. The
non-uniform drift demands in the SPSW were the reason for the participation of the
gravity frame. The analysis showed that the flexural rigidity of the gravity columns was
effective in providing more uniform drift demands in the structure.
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Chapter 6
Discussion and Conclusions

6.1

General
The current design process, e.g. the equivalent lateral force procedure (ASCE 7-10),

assumes the gravity framing system, with simple shear connections, does not participate in the
resistance to lateral loading or interact with the lateral force resisting system and therefore is
typically excluded from the lateral load analysis. However, it is widely recognized in academia
that the gravity frame does participate for a number of reasons. These reasons include: (1)
continuity between the lateral and gravity framing consisting of continuous columns; (2) the shear
connections of the gravity framing system do possess rotational stiffness and strength that
contributes to the lateral stiffness of the building’s structural system (MacRae et al 2004; Lui and
Ataneh-Asi 2004) and (3) the participation of higher modes engages the gravity system again
through continuity. However, this strength and stiffness can be neglected in the modeling and
design of lateral force resisting systems in contemporary design (ASCE 7-10). Past research
(MacRae et al 2004; Lui and Ataneh-Asi 2004) demonstrated the gravity framing participates in
the seismic response for the reasons previously stated; however a study that systematically looks
at each of these three aspects had not been performed. The motivation for this research was to
determine which of these aspects affects the participation of the gravity framing in the total lateral
response and interaction with the lateral force resisting system.
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6.2

Discussion
This research investigated how the three aspects affected the gravity framing’s

participation in the lateral resistance and interaction with the lateral force resisting system in
terms of affecting seismic demands. The three aspects considered were:
1. Over-strength in the LFRS
2. Partially restrained shear connection strength of the gravity framing
3. Flexural rigidity of the gravity columns
The first aspect discussed is over-strength in the LFRS. Designers, limited by the size and
availability of materials, often provide LFRS designs where the distribution of over-strength does
not match the distribution of design forces. Where the provided strength exceeds the required
strength, non-uniform drifts will develop in the structure as demonstrated by Figures 37, 38, 39.
This research has determined that non-uniform distributions of over-strength cause the gravity
framing to interact with the LFRS as indicated by the link axial force demands that simulate the
transfer of forces through the rigid diaphragm of a structure as shown in Figure 26. As
distributions of over-strength became more non-uniform, meaning the amount of over-strength
varies from story to story, the forces transferred through the links increased.
The flexural rigidity of the gravity columns were determined to interact in the response of
the LFRS only when non-uniform drifts occurred. When non-uniform drifts occurred, the rigid
link forces increased as the flexural rigidity of the gravity columns increased (see Figure 30). The
gravity columns developed shear forces that were transferred though the rigid diaphragm of the
structure, which helped reduce non-uniform drift demands (see Figure 37, 38, and 39). However,
when structures had uniform drift demands the gravity columns flexural rigidity did not interact
with the response of the LFRS.
Finally, the rotational strength of the partially restrained shear connections caused the
gravity frame to participate but did not interact with the LFRS and therefore did not greatly affect
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the demands in the LFRS. The partially restrained connections caused the gravity framing system
to participate in the seismic response, i.e. larger shear forces were developed at the base of the
gravity framing as the strength of the connections increased (see Table 9). However, this
participation did not translate to interaction with the LFRS and therefore did not affect the
seismic demands.
6.3

General Conclusions
This research has concluded that the gravity framing system will participate in the

seismic response of a structure. The gravity framing participation will lead to interaction with the
LFRS only when non-uniform drifts occur.
1. Each of the three aspects of the structure considered, over-strength, partially restrained
shear connections, and flexural rigidity of gravity columns, caused the gravity framing to
participate in the response, i.e. develop shear at the base of the gravity columns. Of the
three aspects, the flexural rigidity of the gravity columns and the partially restrained shear
connections had the greatest impact, where the shear at the base of the gravity column
represented up to 33% of the base shear of the LFRS for the three-story archetype
structure.
2. Interaction of the gravity framing with the response of the LFRS occurred only when
non-uniform drifts occurred. Because of this, the aspect of the frame that affected the
interaction of the gravity framing the most was over-strength. As disparities in overstrength increased, the gravity frame’s interaction increased as indicated by the forces in
the links connecting the two systems. The link forces developed from the interaction of
the gravity framing helped to provided more uniform drift demands.
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Based on these observations of participation and interaction of the gravity framing it is
concluded that:
1. If only the LFRS is consider in design following the equivalent lateral force procedure,
and strength demand are satisfied but drift demand is not, repeating the analysis including
the gravity framing could be a viable means of demonstrating that drift is also satisfied.
6.4

Significance
This research has demonstrated that inclusion of the gravity framing in the design and

analysis of LFRSs will reduce concentrations of inter-story drift demands by comparison to the
analysis of the LFRS alone. Design professionals conduct an iterative process to design the
stories of the LFRS to meet strength and drift demands. The analysis of a LFRS without the
inclusion of the gravity columns might lead to a LFRS with sufficient strength but stories where
the inter-story drift limit cannot be satisfied. In these instances, rather than redesigning the LFRS,
thereby increasing both the stiffness and strength of the LFRS, one could chose to conduct a more
detailed analysis that includes the gravity framing in the structure to demonstrate the system in
fact meets the drift limits.

6.5

Recommendations for Future Research
This research relied on a number of assumptions in order to determine the gravity system

effects on the seismic response of lateral force resisting system. First, the axial and shear
deformations in the shear tab connections were ignored. The model incorporated from research
(Lui and Astaneh-Asi 2004) developed the moment rotational strength of the shear connection. It
did not account for axial loads being present in the beam members and shear connections. Axial
loads in the shear connection might limit their moment rotation strength and stiffness.
Second, the floor diaphragm was assumed to be rigid thereby constraining the lateral
motion of all columns at a given floor. The modeling of this element as rigid, effectively engaged
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all gravity columns in the frame equally during the analyses conducted. Some structures may
have diaphragms that are not permitted to be idealized as rigid by ASCE 7-10.
Finally, the gravity columns were assumed to be elastic. These columns were designed
for axial loads alone, so it is possible that the moment developed in these columns during the
seismic response may stress the columns beyond their elastic limits.
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Appendix A Frame Proportions

The following tables provide a list of the element sizes for each SPSW analyzed. The
web plate thickness, HBE size, and VBE size is listed horizontally across the tables for each story
of the SPSW.

Table 12 SPSW member sizes-three-story SPSW
Story

Web Plate
(in)

HBE

VBE

Gravity
Beams

Gravity
Columns

1

0.125

W16x57

W14x398

W16x26

W14x68

2

0.125

W21x122

W14x122

W16X26

W14x68

3

0.063

W21x122

W14x123

W14X22

W14X68

Table 13 SPSW member sizes- nine-story SPSW
Story

Web Plate
(in)

HBE

VBE

Gravity
Beams

Gravity
Columns

1

0.25

W18x86

W14x730

W18x35

W14x193

2

0.25

W18x86

W14x730

W16x26

W14x193

3

0.25

W24x146

W14x500

W16x26

W14x145

4

0.187

W18x86

W14x500

W16x26

W14x145

5

0.187

W18x86

W14x500

W16x26

W14x109

6

0.187

W24x146

W14x500

W16x26

W14x109

7

0.125

W16x57

W14x370

W16x26

W14x82

8

0.125

W24x146

W14x370

W16x26

W14x82

9

0.063

W18x106

W14x370

W16x26

W14x48
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Table 14 SPSW member sizes- twenty-story SPSW
Story

Web Plate
(in)

HBE

VBE

Gravity
Beams

Gravity
Columns

1

0.187

W14x61

W36x800

W14x22

W14x550

2

0.187

W14x61

W36x800

W14x22

W14x455

3

0.187

W14x61

W36x800

W14x22

W14x455

4

0.187

W14x61

W36x800

W14x22

W14x455

5

0.187

W21x132

W36x800

W14x22

W14x370

6

0.134

W14x48

W36x800

W14x22

W14x370

7

0.134

W14x48

W36x529

W14x22

W14x370

8

0.134

W18x86

W36x529

W14x22

W14x311

9

0.125

W14x48

W36x529

W14x22

W14x311

10

0.125

W14x48

W36x529

W14x22

W14x311

11

0.125

W18x86

W36x529

W14x22

W14x257

12

0.106

W12x40

W36x529

W14x22

W14x257

13

0.106

W12x40

W36x395

W14x22

W14x257

14

0.106

W12x40

W36x395

W14x22

W14x176

15

0.106

W21x111

W36x395

W14x22

W14x176

16

0.063

W12x40

W36x395

W14x22

W14x176

17

0.063

W12x40

W36x395

W14x22

W14x108

18

0.063

W12x40

W36x395

W14x22

W14x108

19

0.063

W12x40

W36x395

W14x22

W14x108

20

0.063

W21x111

W36x395

W12x14

W14x42
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Appendix B Ground Motions

The ground motions acceleration time histories used in this research were for Los
Angeles having a probability of exceedence of 10% in 50 years, which represents a return period
of 475 years. These ground motion time histories were created as a part of the SAC Joint Venture
Steel Project (Somerville et al. 1997). The ground motions have been scaled to match the average
horizontal design spectra.

Table 15 Details of Los Angeles Ground Motions 10% in 50 years
SAC Earthquake Distance Scale Number
DT
Duration
PGA
Name Magnitude
(km)
Factor Points
(sec)
(sec)
(cm/sec2)
LA01
6.9
10
2.01
2674
0.02
39.38
452.03
LA02
6.9
10
2.01
2674
0.02
39.38
662.88
LA03
6.5
4.1
1.01
3939
0.01
39.38
386.04
LA04
6.5
4.1
1.01
3939
0.01
39.38
478.65
LA05
6.5
1.2
0.84
3909
0.01
39.08
295.69
LA06
6.5
1.2
0.84
3909
0.01
39.08
230.08
LA07
7.3
36
3.2
4000
0.02
79.98
412.98
LA08
7.3
36
3.2
4000
0.02
79.98
417.49
LA09
7.3
25
2.17
4000
0.02
79.98
509.70
LA10
7.3
25
2.17
4000
0.02
79.98
353.35
LA11
7
12
1.79
2000
0.02
39.98
652.49
LA12
7
12
1.79
2000
0.02
39.98
950.93
LA13
6.7
6.7
1.03
3000
0.02
59.98
664.93
LA14
6.7
6.7
1.03
3000
0.02
59.98
644.49
LA15
6.7
7.5
0.79
2990
0.005 14.945
523.30
LA16
6.7
7.5
0.79
2990
0.005 14.945
568.58
LA17
6.7
6.4
0.99
3000
0.02
59.98
558.43
LA18
6.7
6.4
0.99
3000
0.02
59.98
801.44
LA19
6
6.7
2.97
3000
0.02
59.98
999.43
LA20
6
6.7
2.97
3000
0.02
59.98
967.61
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Figure 40 Response spectrum of 20 SAC time histories
Figure 40 plots the spectral response of the 20 SAC ground motions with a 10%
probability of exceedence in 50 years. The ground motions mean 1s response was scaled to match
the SD1 from ASCE 7-10.
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Appendix C Sample ELFP Calculations

The design seismic shear forces were determined through the equivalent lateral force
procedure in ASCE 7-10. The building location was Los Angeles, CA with site class D soil.
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Appendix D Parametric Case Summary

The tables on the following pages outline all of the tests completed for the parametric
study. A total of 23 models were tested for 3 sets of 20 SAC ground motions. The three sets out
ground motions run on each model represented a moderate event, design event, and maximum
considered event respectively.
Table 16 Parametric Outline Case 1-7
Case

Ω1

Ω2

Ω3

Β

µ

1

1.00 1.00 1.00 23% 15%

2

1.15 1.00 1.00 23% 15%

3

1.00 1.15 1.00 23% 15%

4

1.00 1.00 1.15 23% 15%

5

1.15 1.15 1.00 23% 15%

6

1.15 1.00 1.15 23% 15%

7

1.00 1.15 1.15 23% 15%

Ground Acc.
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1

Time
Histories
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
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Table 17 Parametric Study Outline Case 8-15
Case

Ω1

Ω2

8

1.30

1.00

1.00 23% 15%

9

1.00

1.30

1.00 23% 15%

10

1.00

1.00

1.30 23% 15%

11

1.30

1.30

1.00 23% 15%

12

1.30

1.00

1.30 23% 15%

13

1.00

1.30

1.30 23% 15%

14

1.00

1.00

1.00

15

1.00

1.00

Ω3

Β

5%

µ

15%

1.00 15% 15%

Ground Acc.
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1
150% SD1
50% SD1
100% SD1

Time
Histories
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC
20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC
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Table 18 Parametric Study Outline Case 16-23
Case
16

17

18

19

20

21

22

23

Ω1
1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Ω2
1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Ω3

Β

µ

1.00 23% 15%

1.00 35% 15%

1.00 45% 15%

1.00 23%

1.00 23%

0%

5%

1.00 23% 15%

1.00 23% 25%

1.00 23% 30%

Ground Acc.

Time
Histories

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1
50% SD1

20 SAC
20 SAC

100% SD1

20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC

50% SD1

20 SAC

100% SD1

20 SAC

150% SD1

20 SAC
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Appendix E Over-Strength Ratio Plots

This appendix presents plots for shear and drift demands from the parametric study. The
plots are for the 13 cases run in the parametric study on the effect of over-strength ratios in the
lateral force resisting system.

Figure 41 Shear force distribution for over-strength analysis 50% SD1
Figure 41 plots the shear force distributions for the 6 over-strength scenarios at a median
ground motion magnitude of 50% SD1. The main take away from the plots is that stories with
over-strength ratios larger than one attracted more shear force.
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Figure 42 Drift values for over-strength analysis 50% SD1
Figure 42 shows the drift demands for the 6 scenarios at median ground acceleration of
50% SD1. The common trend in the results is that drift concentrations occur in stories that possess
an Ω factor equal to 1, i.e. not over-strength provided. The most drastic effect was noticed in
Over-strength 4 where the first and second stories had over-strength. For this combination the
inter story drift in the third story went from 1% for the nominal case, to 1.6% for Ω equal to 1.3.
This test shows that distribution of story stiffness can significantly alter the inter story drift
demands in the structure.
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Figure 43 Shear distributions for over-strength analysis 100% SD1
Figure 43 displays the shear force distributions for the 6 Over-strength scenarios
subjected to ground accelerations scaled to match 100% SD1. The observation of shear force
following over-strength ratios greater than 1 holds true for this level of ground acceleration too.
However, at this intensity of ground acceleration the effects on the distribution are not as drastic.
This may be a result of the non-linear behavior that begins to develop in the brace members.
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Figure 44 Drift values for over-strength analysis 100% SD1
Figure 44 displays the drift values for the 6 Over-strength scenarios subjected to ground
accelerations scaled to match 100% SD1. Similar trends are observed from the 50% SD1 drift plots.
In all the over-strength scenarios presented, the stories in the structure with no over-strength tend
to see larger drift values as compared to the model run with no over-strength provided. Larger
concentrations of inter-story drift are noticed as the magnitude of the ground acceleration has
increased for over-strength scenario 6. For this scenario almost most of the total drift of the
structure is concentrated in the first story.
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Figure 45 Shear distributions for over-strength analysis 150% SD1
Figure 45 displays the shear force distributions for the 6 Over-strength scenarios
subjected to ground accelerations scaled to match 150% S D1. For these analyses the stories with
over-strength are once again attracting more shear force. However, the change in the distributions
is not as drastic as was observed for the 50% and 100% S D1 values. This may be a result of the
inelastic behavior that is occurring in the structure at the larger ground motion intensities. For the
50% SD1 event, the brace members are seeing median values of response from the suite of ground
motions that are within the elastic stress range of the braces. At this level of intensity the braces
are far beyond their yield point, which indicates that story over-strength effects the response most
drastically at moderate ground motion events.
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Figure 46 Drift values for over-strength analysis 150% SD1
Figure 46 displays the drift values for the 6 Over-strength scenarios subjected to ground
accelerations scaled to match 150% SD1. As seen in the tests on moderate and design ground
accelerations, inter-story drift concentrations occur in the stories that have no over-strength.
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Figure 47 Second story shear demand vs. Ω (Top) and Drift demand vs. Ω (Bottom)
For the 3 levels of ground motion intensity, SD1, the shear demands (Figure 47 Top) and
the drift demands (Figure 47 Bottom) were plotted vs. Ω for the second story of the parametric
frame model. The take away from the shear demand plots is that when Ω greater than one is
provided in the story, (see κ11, κ41, and κ51) the demand in the story increases at a rate proportional
to the over-strength ratio, Ω , provided in the story.

114

Figure 48 Rigid link and gravity frame shear forces in the second story for over-strength
simulations
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Figure 49 Third story shear demand vs. Ω (Top) and Drift demand vs. Ω (Bottom)
For the 3 levels of ground motion intensity, SD1, the shear demands (Figure 49 Top) and
the drift demands (Figure 49 Bottom) were plotted vs. Ω for the first story of the parametric frame
model. The take away from the shear demand plots is that when Ω greater than one is provided in
the story, (see κ11, κ41, and κ51) the demand in the story increases at a rate proportional to the overstrength ratio, Ω , provided in the story.
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Figure 50 Rigid link and gravity frame shear forces in the third story for over-strength
simulations
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