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Preface

MCEER is a national center of excellence dedicated to the discovery and development of
new knowledge, tools and technologies that equip communities to become more disaster
resilient in the face of earthquakes and other extreme events. MCEER accomplishes this
through a system of multidisciplinary, multi-hazard research, in tandem with complimen-
tary education and outreach initiatives.

Headquartered at the University at Buffalo, The State University of New York, MCEER
was originally established by the National Science Foundation in 1986, as the first National
Center for Earthquake Engineering Research (NCEER). In 1998, it became known as the
Multidisciplinary Center for Earthquake Engineering Research (MCEER), from which the
current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines
and institutions throughout the United States, MCEER'’s mission has expanded from its
original focus on earthquake engineering to one which addresses the technical and socio-
economic impacts of a variety of hazards, both natural and man-made, on critical infra-
structure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science
Foundation, Federal Highway Administration, National Institute of Standards and Technol-
ogy, Department of Homeland Security /Federal Emergency Management Agency, and the
State of New York, other state governments, academic institutions, foreign governments
and private industry.

The seismic behavior of Steel Plate Shear Walls (SPSWs) with boundary elements that have been
designed using two different philosophies is investigated in this study. The first design approach does
not guarantee that it can prevent the formation of in-span plastic hinges on horizontal boundary
elements; while the second approach guarantees that plastic hinges will only occur at the ends of
the horizontal boundary elements. The results from pushover and nonlinear time history analyses
showed that the development of in-span plastic hinges has significant consequences on the behavior
of the structure. Nonlinear time history analyses further demonstrates that increasing the sever-
ity of the ground excitations accentuates the accumulation of plastic incremental deformations on
the horizontal boundary elements. This study also investigates the plastic strength of SPSWs with
in-span plastic hinges and develops an alternative plastic mechanism to match the results from
pushover analysis. A cycle by cycle investigation on horizontal boundary element deformation his-
tory under cyclic loading is presented and several key behaviors observed during the cyclic loading
history are identified.
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ABSTRACT

A case study was conducted to investigate the seismic behavior of steel plate shear walls having
boundary elements designed by two different philosophies. The first design approach does not
guarantee that formation of in-span plastic hinges on horizontal boundary elements (HBEs) will
be prevented; while the second approach guarantees that plastic hinges can only occur at the ends
of HBEs. Pushover and nonlinear time history analyses were conducted to investigate behavior.
Results show that the development of in-span plastic hinges has significant consequences on the
behavior of the structure through inducing: (1) significant accumulation of plastic incremental
deformations on the HBEs; (2) partial yielding of the infill plates; (3) lower global plastic
strength compared to the values predicted by code equations; and (4) total (elastic and plastic)
HBE rotations greater than 0.03 radians after the structure was pushed cyclically up to a
maximum lateral drift of 3%. Nonlinear time history analyses also demonstrated that increasing
the severity of the ground excitations (i.e., from DBE to MCE) acting on the structure with in-
span plastic hinge accentuated the accumulation of plastic incremental deformations on the HBEs.
In addition, this study investigates plastic strength of SPSW having in-span plastic hinges and
develops an alternative plastic mechanism needed to match results from pushover analysis. A
cycle by cycle investigation on HBE deformation history under cyclic loading was presented and

several key behaviors observed during the cyclic loading history were identified.
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SECTION 1
INTRODUCTION

1.1 General

There have been numerous experimental and analytical studies investigating the behavior of
unstiffened Steel Plate Shear Walls (SPSW) in the past thirty years. An AISC Design Guide
summarizes that research (Sabelli and Bruneau 2007) which has addressed the designing and
modeling of SPSW web plates, general SPSW analysis methods, validation of satisfactory cyclic
inelastic and seismic performances, and analytical procedures to calculate demands in the
horizontal and vertical boundary elements (HBEs and VBEs) of the SPSW (e.g., Thorburn ef al.
1983; Timler and Kulak 1983; Caccese et al. 1993; Driver et al. 1997, Berman and Bruneau
2003, 2008; Qu et al. 2008; to name a few). As a result of this research, provisions for SPSW
design have been adopted (e.g. AISC 2005) and they have been increasingly implemented in

seismic regions.

The seismic behavior of SPSW has traditionally benefited from the overstrength introduced in the
HBEs and VBEs of the boundary frame by capacity design principle requirements followed in
past research, but as practicing engineers are becoming more familiar with this structural system,
they are finding ways to optimize the system and eliminate much of that overstrength, to achieve
smaller boundary element member sizes (Qu and Bruneau 2009). This can become problematic in
light of the challenges that sometimes exist in determining satisfactory demands in designing the

HBE:s (e.g. Lopez-Garcia and Bruneau 2006, Qu et al. 2008, Vian and Bruneau 2005).

The 2005 AISC Seismic Provisions for Structural Steel Buildings (AISC 2005b) requires that
HBEs and VBEs shall be designed to remain essentially elastic under the maximum tension
forces from the yielded infill plates, with the exception of plastic hinging at the ends of HBEs.
However, it does not specify an analysis procedure to guarantee that this intent is met (although
the commentary provides some guidance that could be used for this purpose). As a result, there

are at least two different common design approaches that have been encountered in practice for



which SPSWs are likely to develop in-span hinges. In a first approach, structural engineers
typically use the results of elastic analysis program and verify that the moments do not exceed
plastic moment capacity of the HBE. That by itself does not protect against in-span hinges. In the
second approach, compounding on the first one, structural engineers seek to optimize the
distribution of resistance to the lateral load between the boundary elements and infill plate, such
as to obtain a boundary frame having a strength to resist its share of the lateral loads equal to that
required to resist the demands from capacity design principles (i.e. due to the yielding plates),
effectively eliminating the overstrength of the boundary frame (even though it is not strictly
compliance with the AISC requirement which states that the entire lateral loads be resisted by the
infill plate). In both cases, structural engineers might not anticipate that their design may lead to
in-span HBE plastic hinges (unless these analyses are complemented by the use of nonlinear
analysis programs to predict the plastic mechanism of structures). In parallel, some structural
engineers fully recognize the potential for in-span hinging to develop, but question the merit of
limiting the location of plastic hinges to only occur at the ends of HBEs because, in general, this
design requirement results in a relatively substantial size of boundary elements. Thus, to achieve
more economical designs, structural engineers are trying to minimize overstrength by allowing
plastic hinges to occur along HBE span as this leads to relatively smaller boundary elements.
Whether or not this is acceptable has been a contentious issue, particularly in the absence of

factual data.

1.2 Scope and Objectives

To investigate the aforementioned concern, one must first determine whether in-span HBE
hinging, when it happens, can impact in any way to the seismic performance of SPSWs —
irrespectively of whether it develops in a SPSW intentionally or as a result of unintended design
consequences. This report presents results from an investigation of that question using a “case-
study” for this purpose. Undoubtedly, subsequent research and parametric studies would be
useful to identify the specific conditions and wall geometries (e.g. aspect ratios, number of
stories, etc.) for which specific behaviors would be obtained, to quantify their likelihood of
occurrence, and to determine if other attenuating factors can be relied upon to counter potential

undesirable behaviors. However, an understanding of the possible consequences of in-span HBE



plastic hinging is pre-requisite to any such further questioning. In that perspective, while it is
recognized that overstrength in SPSWs may arise from a number of sources during design, the
case study presented here has been careful to ensure that its conclusions would not be biased by
accidental sources of overstrength that may or may not be present from case to case — future
analysis would allow to quantity and assess the reliability of various sources of uncontrolled

overstrength.

Hence, to answer the fundamental question in this debate, this report presents the results of a case
study, analytically investigating the seismic behavior of two steel plate shear walls having HBEs
designed to have different plastic mechanisms. In the first SPSW, one of the above design
approaches is used and formation of in-span plastic hinges on horizontal boundary elements is
possible, whereas in the second SPSW, plastic hinges can only occur at the ends of HBEs.
Results and observations from monotonic and cyclic pushover analyses as well as time-history

analyses are used to assess the relative performance of the two SPSWs.

1.3 Outline of Report

Section 2 describes the design process of a three-story steel plate shear walls used as a case study
for the above objectives. Several key techniques on how to model the two design outcomes using
strip model and dual strip model in SAP2000 are discussed, which includes modeling Tension
only Bracing Element, defining Axial-Hinge that can capture the actual behavior of slender strips,
and defining Fiber-Hinge that can capture the interaction between the axial loads and moments

that occur in the boundary elements.

Using the resulting numerical models, nonlinear static analysis is conducted in Section 3 to
investigate the possible significance of in-span plastic hinge developed on horizontal boundary
elements (HBE). Here, behavior of two shear walls designed to have different plastic mechanisms
is examined under monotonic and incrementally cyclic pushover loadings, which includes
comparing global plastic strength, plastic hinge and strip yielding distributions, vertical and
residual deformations on HBE, and HBE plastic rotation demands. In addition, a general equation

to calculate the ultimate strength of both single and multistory SPSW with in-span plastic hinge



(i.e., sway and beam combined mechanism) is developed using the kinematic method of plastic
analysis. Several key behaviors observed during a cycle by cycle investigation on HBE

deformation history under the cyclic pushover loading are identified.

Section 4 describes time history analyses conducted on the two shear walls to investigate whether
the cyclic pushover analysis results would be replicated during earthquakes excitations and
whether additional seismic behaviors for the aforementioned SPSW systems would emerge as a
consequence of the random nature of earthquake records. Synthetic ground motions are used in
this investigation. Their response spectra are scaled to match both the design basis earthquake
(DBE) and the maximum considered earthquake (MCE) target spectra. Finally, summary,

conclusions, and recommendations for future research are presented in Section 5.



SECTION 2

DESIGN OF THREE-STORY STEEL PLATE SHEAR WALLS
AND ANALYTICAL MODEL DEVELOPMENT

2.1 General

This section describes the design process of a three-story steel plate shear walls. Two different
design philosophies are used: (1) Indirect Capacity Design Approach, a common design approach
encountered in practice, and (2) Capacity Design Approach, as described in the commentary to
the new 2010 AISC Seismic Provisions (AISC 2010). Several key techniques on how to model
the two design outcomes using strip model and dual strip model in SAP2000 are discussed, which
includes modeling Tension only Bracing Element, defining Axial-Hinge that can capture the
actual behavior of slender strips, and defining Fiber-Hinge that can capture the interaction
between the axial loads and moments that occur in the boundary elements. Numerical models
developed in this section will be used in the next two sections to investigate the possible

significance of in-span plastic hinge developed on horizontal boundary elements (HBE).

2.2 Structure Description and Design of 3-Story SPSW

As a case study to investigate the possible significance of in-span HBE plastic hinges, a three-
story single-bay SPSW was selected. Bay width and typical story height were arbitrarily chosen
equal to 20 and 10 ft., respectively, resulting in an infill plate aspect ratio of 2.0. Note that
SPSWs having such an aspect ratio are common nowadays (e.g. AISC 2007, 2008), and that
larger values are anticipated as the 2010 edition of the AISC Seismic provisions (AISC 2010) has
eliminated the previously prescribed upper limit for that ratio. It was also assumed that the
structure is located on Class D soil in downtown San Francisco, California and designed for an
office building. This SPSW was assumed to carry a tributary weight W, of 1085 kips, which
corresponds to one sixth of the total weight of the structure; distributed as 352 kips on the first
two stories and 381 kips on the roof. Different approaches were possible to ensure that the
strength of the chosen web plates closely matched the design demands (to avoid having infill

plate overstrength bias the findings of this study). For example, (i) the SPSW’s tributary mass



could have been modified to match the strength of available hot rolled plates, (ii) regular
perforation layouts in compliance with the AISC 341-10 requirements for “Special Perforated
Steel Plate Walls” (AISC 2010) could have been detailed, or (iii) cold rolled steel plates could
have been used. Given that all these approaches would lead to the same end-results, for
expediency, the later approach was taken, knowing that satisfactory ductile behavior of SPSWs
having such infill plates can be obtained (Berman and Bruneau 2005). Thus, light gauge steel
(F,= 30 ksi) was used for the infill plates. ASTM A572 Gr. 50 (£, = 50 ksi) steel was selected for
the VBEs and HBE:s.

Based on the spectral acceleration maps in FEMA 450 provisions, the design short and one-
second spectral ordinates, Sps and Sp;, for the aforementioned site are 1.14g and 0.85g,
respectively. The complete design spectrum for this structure is shown in figure 2-1 for an

assumed 5% viscous damping ratio.
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FIGURE 2-1 Design Response Spectra for San Francisco, California (§ = 5%)



The fundamental period of the structure 7 was estimated using the FEMA 450 procedures as 0.26
sec.; and using a response modification factor R of 7 and an importance factor 7 of 1, the total
base shear V resisted by the structure is 176 kips. This base shear was distributed vertically using

the following equation:

k
Focy="Vh_y (2-1)

i vi o
k
2k

i=1

where C,; is the vertical distribution factor for the i-th story; W; is the i-th story weight; 4; is the
height from the base to the i-th story; k is the natural period coefficient which equal to 1.0 for
T £0.5 sec., 2.0 for T > 2.5 sec, and linear interpolation value for intermediate values of 7. The

resulting values of lateral loads applied on each floor and story shear forces are summarized in

table 2-1.

TABLE 2-1 Lateral Forces on Each Floor and Story Shear Forces

Level Story Weight, Height from Lateral Force, Story Shear
W; (Kips) Base, h; (ft) F; (kips) Force, V; (kips)
3" Floor (Roof) 351.60 30 91.44 91.44
2" Floor 351.60 20 56.28 147.73
1° Floor 380.83 10 28.14 175.87
1084.03 175.87

In the current design procedures for SPSW, it is specified that infill plates must be designed to
resist those shear forces, without considering the possible contribution to lateral strength that is
provided by the infill plates’ surrounding boundary frames. The required infill plate thickness to
resist story shear forces can be obtained using the following equation:

o V0,
$pO0S5R, F, L, sin(2a)

(2-2)

where V; is the i-th story shear force; (2 is the system overstrength as defined in FEMA 369, and
taken as 1.2 for SPSW (Berman and Bruneau 2003); ¢ is the strength resistance factor for the
SPSW web and equal to 0.9; R, is the ratio of the expected to the specified steel plate yield

stress, which in this case is assumed to be equal to 1.0; F), is the infill plate yield stress; L, is the



clear length of the infill plate; « is the tension field inclination angle. Although the value of « is
dependent on the geometric proportions of the boundary frames, for preliminary design it can be
assumed as 42° from the vertical (Driver et al. 1997). Hence for this case study, the resulting
infill plate thicknesses are 0.072, 0.059, and 0.036 in. for the first, second, and third floor,
respectively. Note that the minimum plate thickness available in practice might be thicker than
those. However, again, to avoid unnecessary overstrength design, those required thicknesses were
assumed to be available (slightly thicker plates would have imparted greater demands on the

HBE:s, but not significantly changed the observed behavior described in later sections).

Two design procedures were then applied to design the boundary elements. They are: (1) the
Indirect Capacity Design approach as described in the commentary to the 2005 AISC Seismic
Provisions for Structural Steel Building (AISC 2005b) and (2) the design procedure proposed by
Vian and Bruneau (2005) for HBE, combined with capacity design procedure of VBE proposed
by Berman and Bruneau (2008) and referred to as the “Combined Plastic and Linear Analysis” in
the commentary to the 2010 AISC Seismic Provisions (AISC 2010). Each design procedure is

presented in the following sub-sections.

2.2.1 Indirect Capacity Design Approach (ICD)

According to the Indirect Capacity Design Approach, loads in the boundary elements can be
determined from the gravity loads combined with equivalent seismic loads increased by the

amplification factor

: (2-3)

where V,; and V,; are the expected shear strength and lateral seismic force at floor i, respectively.

The expected shear strength is calculated for the infill plate thickness provided, namely

V,=05R F,t,L,sin(2q) (2-4)

wp " pi
where 1, is the infill thickness provided and the other parameters have been defined previously.
As mentioned previously, here the infill plate thickness provided is similar to that required
(i.e., tpi = twi). As a result, comparing (2-4) to (2-2), one can calculate that the amplification factor
B; is equal to 1.33, which basically is the ratio of the overstrength factor divided by the resistance

factor (£2/¢).



Following this procedure, a linear analysis program is typically used to analyze the SPSW and
size the boundary elements. Here, the commercially available software SAP2000 v. 11.0.8
(CSI 2007) was used to size the optimum section for the VBEs and HBEs with the objective of
obtaining demand-to-capacity ratio close to 1.0 (without exceeding it) when resisting the
combination of gravity loads and earthquake loads increased by the amplification factor B;. To
expedite the design process, the Auto Selection Sections feature in SAP2000 was used such that
the program automatically selects a W-section from the available AISC section list for each HBE
and VBE which has sufficient strength to resist the applied load combination. In general, the
SAP2000 auto-selection was based on the minimum weight criteria and in some cases it did not
necessary satisfied the above optimum strength-based design criterion (i.e., the present objective
to have demand-to-capacity ratio approaching 1.0). Hence, again, to avoid introducing
overstrengths that could bias the subsequent findings, several manual modifications to the given
sections were also conducted to achieve the optimum section. The resulting sizes of VBEs and
HBEs are summarized in table 2-2 and the demand-to-capacity ratio for each element is displayed
in parenthesis under the resulting section shape in figure 2-2(a). Note that the selected sections
might not be the lightest W-section available and that the VBE section is varied from floor to

floor, again, to insure that the following observations are not tainted by accidental overstrengths.

TABLE 2-2 Vertical and Horizontal Boundary Element Sizes

oy SPSW-ID SPSW-CD
HBE-3 W16x36 W18x76
HBE-2 Wi12x22 W14x61
HBE-1 W12x19 W12x45
HBE-0 W24x62 W24x117
VBE-3 W16x40 W16x89
VBE-2 W18x50 W18x76
VBE-1 W24x62 W24x146

Note: " HBE and VBE at the i story are represented by HBE-i and VBE-i, respectively.
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In addition, compactness of the selected VBE and HBE sizes, inter-story drift limits (< 2 %), and
strong-column weak-beam requirements were also checked during the design process. Detail
explanations of these design checks and the aforementioned design calculations are presented in

Appendix A.

2.2.2 Combined Plastic and Linear Analysis (Capacity Design)

Vian and Bruneau (2005) proposed an equation to size anchor beams such that they can resist
forces generated by fully yielding infill plates without developing in-span HBE plastic hinges. It

estimates the minimum required HBE plastic modulus as follows:

w., I?
Z = ybib (2-5)
4F,

where L, and F);, are HBE span and yield stress, respectively; and @, is the vertical component

of infill plate stress, calculated based on the infill plate properties and defined as:

o, =F, t, cos’a (2-6)

yp Wi
Though (2-5) was developed for anchor beams (bottom and top HBE), it can also be applied to

the design of intermediate HBEs, by considering the net stress resulting from the adjacent top and

bottom infill plates of different thicknesses.

Furthermore, VBEs were designed based on the procedure proposed by Berman and Bruneau
(2008). It estimates the design loads for VBEs derived from the free body diagrams of the SPSW
having a uniform plastic sway mechanism (i.e., full web yielding and plastic hinge at HBE ends)
as shown in figure 2-3 for a generic four-story SPSW. The design loads for VBEs include
distributed loads from infill plate yielding (@y.; and @.;); axial, shear and reduced plastic moment
from HBEs (Py;, Vi, and M,,;); and applied lateral seismic loads that caused the uniform plastic
sway mechanism. Detail explanation of how those components are determined can be found in
the aforementioned reference. Having all those force components calculated and assuming lateral
bracing at every floor, the VBEs were sized using the moment-axial interaction equation given by
equation HI1-1 of the AISC Specification for Structural Steel Buildings (AISC 2005a). Detail

calculations for this approach are presented in Appendix B.

11
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FIGURE 2-3 Free Body Diagrams (a) Left VBE; (b) Right VBE (Berman & Bruneau 2008)

In selecting the VBE and HBE sections, the same previously used optimum design objective (i.e.,
achieving a demand-to-capacity ratio close to 1.0, without exceeding it) was again followed. To
compare with the previous design results, the sizes of VBEs and HBEs obtained by the two
different design procedures are summarized in table 2-2 and demand-to-capacity ratio for each
element is compared in figure 2-2. For SPSW designed by the capacity approach (the second
approach), all the HBE demand-capacity ratios exceed 0.98, except one at 0.95. For SPSW
designed by the indirect capacity approach (the first approach), the HBE ratios varied from 0.88
to 0.99; but this slight difference from the second SPSW case will not violate the conclusions

reached by this study as will be shown later.

As presented in table 2-2 and figure 2-2, the two design approaches result in somewhat different
boundary member sizes. For the same respective floor, the first design approach gives smaller

VBE and HBE sizes compared to the second one. Subsequently, the SPSW resulting from the
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first design approach that gives smaller size boundary elements will be denoted as SPSW-ID
while the SPSW resulting from the second design approach that gives bigger size boundary
elements as SPSW-CD, where the ID and CD labels stand for “Indirect Design” and “Capacity

Design”, respectively.

2.3 Analytical Model Development

To investigate the behavior of both SPSW-ID and SPSW-CD, nonlinear static analysis (pushover
analysis) and time history analysis were conducted. Two analytical models were developed for
this purpose: (1) a strip model for monotonic pushover analysis and (2) a dual strip model for

cyclic pushover analysis and time history analyses.

Originally proposed by Thorburn ef al. (1983), the Strip Model consists of series of tension strips
(of equal width), pin-ended and inclined in the direction of the tension field. Previous researchers
have reported that this model can adequately capture the behavior of single-story as well as
multistory SPSW with unstiffened infill plates (e.g., Timler and Kulak 1983; Tromposch and
Kulak 1987; Driver et al., 1998; Elgaaly 1998; Berman and Bruneau 2003, 2005; Qu and
Bruneau 2008; etc.). In this study, twelve strips having an equal width S of 19.7 in. were provided
at every floor to model the infill plates of the two 3-story SPSWs discussed in the previous
section. Moreover, multiplying the strip width by the plate thickness of each floor, one obtains
the strip gross area of 1.42, 1.17, and 0.72 in® for the first, second, and third floor, respectively
(figure 2-2). In the SAP2000 v. 11.0.8 (CSI 2007) used to analyze those SPSWs, those strips
were modeled as series of Tension only Bracing Element, which has strength only in tension but
no strength in compression (as commonly done in such SPSW inelastic analyses). As for the
VBEs and HBEs, they were modeled as regular Frame Element. Both steels used in these
elements were represented by an idealized elasto-perfectly plastic stress-strain material (i.e., no

strain hardening included, as conventionally done using simple plastic theory).
To capture nonlinear behavior of the structure, nonlinear hinges (plastic hinges) were also

defined in the analytical models. Assuming development of the uniform plastic sway mechanism

for multistory SPSW presented in Berman and Bruneau (2003), plastic hinges were located at
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both ends of the HBEs and at the base of the VBEs. In addition, to capture yielding of strips,
axial ‘hinge’ were located at every tension strip over the entire stories. Although the term ‘hinge’
is normally used for a flexural element (e.g., frame element), in the context of an axially loaded
tension strip, the term ‘axial hinge’ used here for the numerical model of the strips should be

understood as member-yielding under tension forces.

Furthermore, after running a nonlinear static analysis and observing the resulting moment
distribution along the HBEs (as shown in figure 2-4 at 4% drifts), it was determined that structural
elements capable of developing plastic hinges should be inserted at several other possible
locations on the HBEs (in addition to those previously located on the span’s ends). As shown in
figure 2-4(a) for SPSW-ID, the points of maximum positive and negative moments (where plastic
hinges will likely develop) were located both at the ends of the HBEs and somewhere along their
span; whereas they only occurred at the HBE ends for SPSW-CD as shown in figure 2-4(b).
Hence, to develop a more general model and expedite the modeling process for both the
monotonic and cyclic pushover analyses, plastic hinges were also defined at the quarter-, mid-,
and third-quarter-span of each HBE. One might argue that introducing more plastic hinge
elements along the HBE span (e.g., every one tenth of the HBE length) would have allowed to
more closely approximate the exact location of the plastic hinges and thus give a more precise
estimate of the SPSW ultimate strength. However, this additional computational expense would
only lead to marginal benefits, as known from the study of plastic mechanism under uniformly
distributed loads (e.g. Bruneau et al. 1998) — recognizing that the distributed tension loads from
the infill plates act as a distributed load on the HBEs. The resulting strip model for monotonic
pushover analysis showing all considered possible plastic hinges locations is shown in

figure 2-5(a).

The Axial-P Hinge (one of several hinge models that SAP2000 offers) was chosen to define the
inelastic behavior of the strips. This ‘hinge’ only accounts for yielding caused by axial loads, as
is the case for the strips. Note that the default definition of this hinge considers yielding both in
tension and compression. This model is satisfactory for monotonic pushover analysis, because in
this analysis, the structure is only displaced in one direction [e.g. to the right in figure 2-5(a)],

such that the strips will only experience tension forces. However, to develop the model from the
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onset to also accommodate the case of cyclic pushover analysis using the dual strip model, the
‘compression’ part in the hinge needs to be eliminated to match the actual behavior of the slender
strips (i.e., resulting in a strip that can only yield in tension and without any compression strength
or buckling elastically as soon as in compression). The process of how to define this behavior in
SAP2000 will be presented in the discussion of the dual strip model as it becomes more relevant
there. Here, the elasto-perfectly plastic stress-strain behavior assigned to this hinge is shown in
figure 2-5(c). The reference point A to E plotted in the stress-strain curve follow their definition

described in FEMA 356.

The Fiber P-M2-M3 Hinge was chosen to define plastic hinges in the VBEs and HBEs. This type
of hinge automatically accounts for the interaction between the axial loads and moments that can
occur in the HBEs and VBEs. Using this hinge model, a cross section is modeled as having
several fibers with a certain tributary area and placed at specified locations along the cross
section. In addition, each fiber can have its own stress-strain relationship (CSI 2007). Prior to
selecting number of fibers, a limited case study was conducted to investigate the accuracy of
numerical results by changing the number of fibers and verifying whether the Fiber Hinge
matched the theoretical P-M interaction behavior. Figure 2-5(b) illustrates the application of fiber
hinge on a generic W-cross section. In this example, the cross section was vertically sliced into
16 fibers, for which the center of gravity of each fiber is located along the Y-axis. Detail
information about the tributary area of each fiber and its ordinate along the Y-axis for HBE
sections of SPSW-ID are summarized in table 2-3. Each fiber was assigned the same stress-strain

behavior, which is idealized as elasto-perfectly plastic material as shown in figure 2-5(d).

In addition, plastic hinge length was set equal to 90% of the associated member depth, which for
the HBEs considered corresponds to lengths of 11 to 22 inches (or approximately 5% to 10% of
the HBE length). Note that in the theoretical simple plastic analysis, it is generally assumed that
plastic hinges are of zero-length. In reality, however, plastification develops over a certain length.
That length depends on the applied loading, boundary conditions, and cross-section of a
structural member (Liew and Shanmugam 2003). Moreover, in the implementation of the concept
of plastic analysis for some computer programs (such as for SAP2000 used here), for some types

of structural elements, a plastic hinge length must be defined for the element model to perform
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TABLE 2-3 Fiber Hinge Tributary Area and Ordinate along Y-Axis (SPSW-ID)

Fiber | W16x36 (HBE-3) | W12x22 (HBE-2) | W12x19 (HBE-1) | W24x62 (VBE-0)
b Ai(@in®) | Y(@n) | Ai@in® | Y(@n) | Ai@in®) | Y(n) | A;i@in® | Y (in)
1 0.751 7.896 | 0.428 | 6.097 | 0.351 6.056 1.038 | 11.776
2 0.751 7789 | 0.428 5.991 0.351 5.969 1.038 | 11.629
3 0.751 7.681 0.428 5.884 | 0.351 5.881 1.038 | 11.481
4 0.751 7574 | 0.428 5778 | 0.351 5.794 1.038 | 11.334
5 0.555 6.580 | 0372 | 5.009 | 0.338 5.031 1.210 | 9.853
6 0.555 | 4.700 | 0372 | 3.578 | 0338 | 3.594 1210 | 7.038
7 0.555 | 2.820 | 0372 | 2.147 | 0338 | 2.156 1210 | 4.223
8 0.555 0.940 | 0372 | 0716 | 0338 | 0.719 1.210 1.408
9 0.555 | -0.940 | 0372 | -0.716 | 0338 | -0.719 | 1.210 | -1.408
10 0.555 | -2.820 | 0372 | -2.147 | 0338 | -2.156 | 1210 | -4.223
11 0.555 | -4.700 | 0372 | -3.578 | 0338 | -3.594 | 1210 | -7.038
12 0.555 | -6.580 | 0372 | -5.009 | 0338 | -5.031 | 1.210 | -9.853
13 0.751 | -7.574 | 0428 | -5.778 | 0351 | -5.794 | 1.038 | -11.334
14 0.751 | -7.681 | 0428 | -5884 | 0351 | -5881 | 1.038 | -11.481
15 0.751 | -7.789 | 0428 | -5.991 | 0351 | -5.969 | 1.038 | -11.629
16 0.751 | -7.896 | 0428 | -6.097 | 0351 | -6.056 | 1.038 | -11.776
ALY | 10.448 6.403 5.510 17.991

Note: " Total area of fibers is somewhat different from gross area listed in AISC section list
because rounded shape areas, in the inner corner of W-section, were not counted.

correctly and for the program execute properly (CSI 2007). For reference, a cantilever beam of
W-section (having a shape factor approximately equal to 1.12) with a concentrated lateral loads
applied at its tip develops a plastic hinge length of about 10% of the beam length (Bruneau et al.
1998). Therefore, for the steel structure analyzed in this study, the above selected plastic hinge

length is considered reasonable.
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As expected from the case study investigating variation in the number of fibers, the larger
number of fibers, the better the match to the theoretical results though the more computationally
expensive the analysis is. Detail results of this case study are presented in Appendix C. Based on
the results of this study, the cross sections of the W-sections used for the VBEs and HBEs were
vertically sliced into 65 fibers (16 fibers on each top and bottom flanges, and 33 fibers on the

web), with the fibers on the flanges and the web chosen to have somewhat similar tributary areas.

Moreover, the strip model shown in figure 2-5(a) can only capture the tension field in one
direction. When the structure experiences reversed loading, as in the case of a cyclic pushover
analysis or earthquake excitation, the model with unidirectional strips would be unable to capture
the nonlinear behavior when displacing in the other direction. For this purpose, a dual strip model
was developed to represent the infill plates accounting for reorientation of the tension field

direction as loading direction changes.

Figure 2-6 displays the dual strip model. This model is similar to the previous model shown in
figure 2-5, except that strips were added in the opposite direction at the same inclination angle.
Plastic hinge definitions in the VBEs, HBEs, and tension strips are similar to the ones described
previously; however for clarity they are not shown in the figure. Qu and Bruneau (2008) reported
that the dual strip model (with 15 strips in each direction to analytically model a two-story SPSW)
adequately replicated the global behavior of the structure subjected to pseudo-dynamic loading.
In the SAP2000, these new strips were developed using the Mirror Replicate procedure by
rotating (flipping) the existing strips along a vertical axis (the Z-axis) at the geometric center of

the frame.

As mentioned previously, to capture the actual behavior of the slender strips that can yield in
tension but have no compression strength (i.e. that buckle elastically in compression), the
‘compression’ part in the definition of the Axial-P Hinge model must be eliminated. Before
presenting the customized Axial-P Hinge used here, it is important to elaborate here how inelastic
axial hinge properties are defined by SAP2000. In general, the program automatically generates
inelastic hinge properties of an axial member based on the provided cross-section and its material

properties. Therefore, for any of the strips used here, the program automatically calculated the
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elastic limits both for tension and compression conditions. Those limits were associated with the
yield stress and critical buckling stress of the strip, respectively. Since the strips used in the
model were extremely slender (i.e., having a high slenderness ratio), the resulting compression
limit of a typical pin-ended strip was significantly low as illustrated in figure 2-6(b). Note that
points B and B~ on the positive and negative regions correspond to the yield stress in tension and
the critical buckling stress in compression, respectively. When these default SAP2000 axial hinge
properties were used, the program flagged the strip that was in compression at the beginning of
pushover displacement as being a “failed member”; and during cyclic inelastic push-over analysis,
when lateral displacement of the SPSW reversed direction, the program also flagged the strip that
was previously in tension and subsequently underwent compression as being a “failed member”;
and this happened at a considerably low drift. As a consequence, the failed strips stopped
contributing to hysteretic energy dissipation even when in subsequent cycles the strips were in

tension, which is not the intended behavior.

Theoretically, a No Compression Strength feature exists in SAP2000 that can be activated to
prevent the failure of the strip in compression as described above and achieve the intended
behavior. In other words, activating this feature enables the program to keep the strip functioning
(without becoming “failed”) as a bracing element during the cycles which the strip experiences
compression forces. Physically, it means that the strip buckles elastically. The program in this
case remembers the last deformation of the strip corresponding to the occurrence of buckling and
the strip must recover all of its elastic buckling deformation before it can dissipate energy once
more. However, this scheme did not work properly, and the program still flagged the
corresponding strip as a failed member. It was believed that the extremely low compression limit
of the strip (i.e., close to zero) was responsible to this condition. Therefore, to avoid this incorrect
behavior, the near-zero compression limit of the axial strip computed by the program [illustrated
in figure 2-6(b)] was overwritten with an arbitrary value that was large enough compared to the
previous critical buckling stress while simultaneously activating the No Compression Strength
feature of SAP2000 to prevent the strip dissipating energy in compression. To expedite the
process, the compression limit was set to be equal to the tension limit as shown in figure 2-6(c).
This was done by manually copying the available tension limits from the previous generated

hinge properties (i.e., no need to change the strip cross-section and its material properties). A
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generic hysteretic curve of the strip having the modified axial hinge properties is shown in
figure 2-6(d). In the figure, the point where the strip stops functioning as a bracing element is
shown by the diamond dots. Case study analyses verified that this desired correct behavior was

exhibited by each individual strips.

There is another approach available in SAP2000 to model tension-only bracing element via
utilizing the Hook Element. This approach can also work, but is more convoluted compare to the

one described above. For reference, Appendix D explains how this approach can be used for this

purpose.

2.4 Summary

A three-story single-bay SPSW has been designed with two different philosophies. A common
design approach encountered in practice, the Indirect Capacity Design Approach, was used to
design the first shear walls (SPSW-ID). This approach does not guarantee that formation of in-
span plastic hinges on horizontal boundary elements will be prevented. The second shear walls
(SPSW-CD) was designed by the Capacity Design Approach which guarantees that plastic hinges
can only occur at the ends of horizontal boundary elements. For the purpose of investigating their
behavior (presented in the subsequent sections), strip models for monotonic pushover analysis
and dual strip models for cyclic pushover analysis and time history analysis were developed to
represent both SPSWs in the SAP2000 analyses. The Axial-Hinge and Fiber-Hinge were chosen
to define the inelastic behavior of the infill plates and the boundary elements, respectively. The
behavior of steels used was represented by an idealized elasto-perfectly plastic stress-strain

material.
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SECTION 3
NONLINEAR STATIC ANALYSIS

3.1 General

Using the numerical models developed in the preceding section, nonlinear static analysis is
conducted in this section to investigate the possible significance of in-span plastic hinge developed
on horizontal boundary elements (HBE). For this purpose, behavior of two shear walls (i.e.,
SPSW-ID and SPSW-CD) subjected to monotonic and incrementally cyclic pushover loadings is
examined, which includes comparing global plastic strength, plastic hinge and strip yielding
distributions, vertical and residual deformations on HBE, and HBE plastic rotation demands. In
addition, a general equation to calculate the ultimate strength of both single and multistory SPSW
with in-span plastic hinge (i.e., sway and beam combined mechanism) is developed using the
kinematic method of plastic analysis. Several key behaviors observed during a cycle by cycle

investigation on HBE deformation history under the cyclic pushover loading are identified.

3.2 Monotonic Pushover Analysis

A monotonic pushover analysis was conducted for both SPSW-ID and SPSW-CD until each
structure reached a 4% lateral drift. Here, lateral drift is defined as the horizontal deformation at
roof level divided by the total height of the structure of 360 in. A 4% drift corresponds to a
14.4 in roof lateral displacement. The inverted triangular vertical distribution presented in the
FEMA 450 document was chosen to model the distribution of lateral loads along the height of the
building; the vertical distribution coefficient for each floor follows the C,; term expressed in
(2-1). Note that in the particular SPSWs considered here, since the estimated fundamental period
of the structure was less than 0.5 sec., the C,; indeed gave an inverted triangular vertical
distribution. In addition, it was assumed that lateral forces acting at every floor level were

transferred equally to the left and right sides of the SPSWs.

Material non-linearities provided in a numerical model can lead to divergence problems. In the

models at hand, those non-linearities mainly arise from the large number of plastic hinges used,
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especially in the HBEs and VBEs with the Fiber hinges. To overcome possible divergence
problems, a relatively small displacement increment was chosen for the analysis, by specifying a
minimum of 100 steps to reach each incremental 1% drift. However, in most instances, the
program automatically further reduced the increment as needed, up to 1000 steps to reach the
same 1% incremental drift. In other words, the displacement increments varied from 0.0036 to
0.036 inches. In addition, the Event-to-event algorithm was turned off, which is appropriate for a
model with a large number of plastic hinges (CSI 2007). Other nonlinear solution controls, such
as type of iteration algorithms (the Newton-Raphson iteration was used), number of iterations at
each step (40 iterations were used), and iteration convergence tolerance (i.e., 10™*) were set to the

default values recommended by the SAP2000.

Figure 3-1 shows the monotonic pushover results for both SPSW-ID and SPSW-CD. At 4% drift,
the base shears are 311 and 477 kips for the respective structures. In addition, the theoretical
values are also plotted in the figure (indicated by the dash lines). These values were obtained
from the plastic analysis equations derived by Berman and Bruneau (2003) for uniform plastic

sway mechanism. The governing equation for that plastic mechanism is:
ng ng ng 1 .
le Vt Hi = 2 ZOMpbi + ZEpr Lp (twi - twi+l ) sin (Za) Hi (3_1)
i= i= i=1

where V; is the applied lateral load at the i-th story; H; is the height from the base to the i-th story;
M,; 1s the plastic moment of HBE at the i-th story and the factor 2 reflects the two possible

plastic hinge locations at HBE ends; and the other parameters have been defined previously.

To calculate the base shears, from (3-1), that correspond to the uniform plastic sway mechanism,
it is necessary to assume a distribution of the lateral loads over the height of the structure; in this
case, the relationship between V;, V,, and, V3 As mentioned previously, the lateral load
distribution follows an inverted triangular shape. Hence, by applying (2-1), one can obtain the

following relationships:
Vv, =016V V, =032V V,=0.52V (3-2)

and by substituting (3-2) into (3-1), one can calculate the theoretical base shears of 351 and 488
kips for SPSW-ID and SPSW-CD, respectively.
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FIGURE 3-1 SAP2000 Monotonic Pushover Analysis versus Plastic Analysis Calculations

As compared in figure 3-1 for SPSW-CD, the base shear obtained from the monotonic pushover
analysis using SAP2000 and the theoretical calculations using the plastic analysis approach are in
a good agreement. The difference between the two is only 2.3% at 4% drift. Several factors
explain this small discrepancy, namely: (1) some fibers, especially those that are closer to the
plastic neutral axis, remain elastic even at 4% drift, while in the theoretical calculation, the cross
section was assumed to exhibit a fully plastic condition; (2) reduction of HBE plastic moment
capacity due to axial loads was not considered in the theoretical calculation, while that reduction
is automatically considered in the calculation of the fiber hinge plastic moment capacity;
(3) tension field angle in the SAP2000 model was 42°, similar to the one used in the preliminary
design, while an updated angle of 44°, calculated using the AISC equation for the selected HBEs

and VBEs sections, was used for the theoretical calculation; and (4) the area of the rounded
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flange-to-web intersection in W-sections were neglected in calculation of the total area of the
fiber hinges, which creates a slightly smaller HBE cross section area and plastic moment
compared to that of used in the theoretical calculation. For theoretical calculation revised by
considering individually each of the above factors, the theoretical base shears are reduced by
1.2%, 0.2%, 0.3%, and 0.4% for the above respective factors. Summing these percentages gives a
total reduction for the combination of those individual factors of 2.1%, which is slightly less than
the 2.3% discrepancy reported above. It is speculated that the remaining (and meaningless)

difference of 0.2% is due to the interaction of those factors.

However for SPSW-ID, the theoretical base shear is significantly different from that obtained
from the monotonic pushover analysis: a 13% disparity exists between the two results. Moreover,
even if those factors listed above that account for the discrepancy of results in SPSW-CD are
applied to this condition; further justification is needed to resolve the remaining 11% disparity.
This discrepancy can be explained by observing the plastic mechanism obtained from the

SAP2000 analyses compared to the assumed theoretical uniform plastic sway mechanism.

Figure 3-2 displays plastic hinge and strip yielding distributions at 4% lateral drift for SPSW-ID
and SPSW-CD. Note that the current version of SAP2000 used in this analysis (i.e., SAP2000
v. 11.0.8) only provides direct graphical information for strip yielding (translated in the figure as
the broken lines) but not for the plastic condition of Fiber Hinges used in the HBEs and VBEs.
As a result, one needs to individually review the flexural moment magnitude and apply some
judgment to assess whether “fully plastification” has occurred at a given cross section. Since it is
numerically impossible to expect all the fibers of a cross-section to yield (unless curvature
reaches infinity), flexural moment at a given cross section never perfectly equals to the
theoretical plastic moment, but the earlier results show that 99% of the plastic moment can be
approximately reached at 4% drift. Here, it is conservatively assumed that a fully plastic
condition (shown in the figure as the solid circular markers) is reached if the flexural moment is
equal to or higher than 97% of its theoretical plastic moment. Further explanation of this

assumption is presented in Section 3.4.1.
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As shown in part (a) of figure 3-2, five out of 36 strips in SPSW-ID remain elastic and four out of
eight HBE ends did not develop plastic hinges. By contrast to the assumed uniform plastic
mechanism described in the commentary to AISC Seismic Provisions (2010), four in-span plastic
hinges have developed on the HBEs of SPSW-ID. Hence, SPSW-ID certainly does not follow the
uniform plastic sway mechanism (also known as ‘panel mechanism’) but rather consists of a
‘sway’ and ‘beam’ combined mechanism. The significant vertical deformations along the HBEs
spans of SPSW-ID shown in figure 3-3(a) confirm development of this mechanism. For example
on the second and top floor HBEs, vertical deformations observed at their span are 4.3 and 2.4
inches at 4% drift, respectively. Note that results at 3% drift are also presented in the figure for
further comparison to the cyclic pushover analysis, which was conducted up to that point. This
behavior is consistent with the moment distributions along the HBEs of SPSW-ID shown in
figure 2-4(a), for which the maximum moment locations (where plastic hinges will likely develop)
are both at HBE ends and somewhere along the HBE spans. A schematic of this combined

mechanism will be presented in a later section.

By comparison, all strips in SPSW-CD have yielded and plastic hinges occurred at each HBE end
(i.e., total 8 plastic hinges). Though the Fiber Hinge elements were also present along the HBE
span of SPSW-CD (at the same locations as for the SPSW-ID case), no in-span plastic hinge

developed. Hence, this confirms that SPSW-CD follows the uniform plastic sway mechanism.

3.3 Plastic Analysis of SPSW having In-Span HBE Plastic Hinge

As reported in the previous section, plastic hinges developed along the span of the HBEs (rather
than just at their ends) for the SPSW-ID design. It was also shown that the plastic mechanism of
the SPSW-ID design did not match a uniform plastic sway mechanism but rather consisted of a
‘sway’ and ‘beam’ combined mechanism. Consequently, (3-1), developed for the case of uniform
plastic sway mechanism where plastic hinges only occur at HBE ends, is not valid to calculate
the ultimate base shear forces that will develop a SPSW-ID plastic mechanism. This explains
why a 13% disparity of results for SPSW-ID between the SAP2000 result and the theoretical

calculation using (3-1) was observed.
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Therefore, building on the work of Berman and Bruneau (2003), the kinematic method of plastic
analysis is used here to calculate the theoretical ultimate strength of a SPSW having a ‘sway’ and
‘beam’ combined plastic mechanism (i.e., accounting for possible plastic hinges along its HBE
span). Prior to develop a general equation for multistory SPSW, it is convenient to start with
single story SPSW. Here, consider a schematic of the combined plastic mechanism for the single

story SPSW shown in figure 3-4.

’4— L, =|: L> =i

%A Plastic Hinge 7
Strips remained

L, }<7 Ly —» elastic

- L, -

FIGURE 3-4 Sway and Beam Combined Plastic Mechanism
for Single Story SPSW

When the shear force V displaces the top HBE by a magnitude 4, the generated tension forces in
the infill plates cause plastic hinges to develop both on the top and bottom HBEs at the same
distance L; from the top-left and bottom-right joints, respectively. As a result, some of the infill
plates (shown in the figure close to the top-left and bottom-right corners) remain elastic. The

external work (Weyerma) produced by the shear force V' is calculated as follows:

/4

external

—VA=VH_0 (3-3)
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where 4 is the top HBE lateral displacement; H; is the story height; and & is the angle between
the deformed structure and the vertical, which is also equal to the top HBE lateral displacement
over the story height. On the other side of the equality, there are two components that contribute
to the internal work, namely, work done by the plastic hinges on the HBEs and by the strips. The

first component of internal work (Wiuerma 1) can be calculated as follows:

/4

internal 1

—(2m ,, +2M,,,) [1 + %J 0 (3-4)

2

where M, and M,,; are the plastic moment of the bottom and top HBE, respectively, with each
HBE having two plastic hinges; and L; and L, are as shown in figure 3-4. As for the internal work
done by the strips, only work by the yielding infill plates is included (the contribution from the
elastic infill plates is neglected, as all other elastic work, in accordance to plastic theory). To
calculate the strips contribution, it is easier to use the horizontal and vertical components of the
strip yield forces. The distributed vertical and horizontal component of the strip yield forces on
the VBEs are denoted as @, and o, respectively; while on the HBEs, they are denoted as o,
and oy, for the same respective components. Their values can be determined as follows (Berman

and Bruneau 2008):

a)ycle t sin(2a) o,=F t sin’a (3-5a)

wtw ww

1 )
o,=F,t, cos’ a o, = Epr t,sin(2a) (3-5b)

Since the vertical deformation on the VBEs and the horizontal deformation on the bottom HBE
are negligible, both @,. on the VBEs and @, on the bottom HBE produce no internal work.
Though the @,. does produces internal work, for simplicity, however, its contribution can be
neglected. This is considered reasonable because the w,. on the left VBE produce negative
internal work while the @, on the right VBE produce positive internal work (Berman and
Bruneau 2003) such that the net results between the two are considerably small. Therefore, only
the @y, on the top HBE and @,, on both HBEs produce internal work; and all of them produce

positive internal work. The internal work produced by these components is calculated as follows:

L
lF, t,sin(RQa)L, H 0+2F, t, coszaszH (3-6)

internal 2 = 2 ww
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where all parameters are as defined previously. Equating the external and internal work [(3-3),
(3-4), and (3-6)] gives the following general equation to calculate the ultimate strength of single
story SPSW with combined mechanism:

L L
VH;:@A@M+2A4M)@+Z}]+%F tﬁn@a)Q}A+ZFW%cm2aij— (3-7)

ww
2

Expanding from this knowledge for a single story SPSW, consider a schematic of the same
combined plastic mechanism but for the multistory SPSW shown in figure 3-5. In general, this
mechanism is somewhat similar to that of the single story SPSW in terms of the applied shear
force at every story V; displacing the corresponding floor by a magnitude 4;, the inadequacy of
the HBE to resist the yielding forces causing in-span plastic hinges (in addition to plastic hinge at

HBE end), and partially yielding infill plates.

Here, the total external work (Wyemar) 1s the summation of works produced by each shear force

V; as follows:

74

external

:inme (3-8)

i=1
where H; is the height from the base to the i-th story; n, is total number of stories; and the other

parameters have been defined previously. Moreover, the total internal work produced by the

plastic hinges (Wiuema 1) on the HBEs is expressed by the following equation.

i=0 2

& L
VVintemalJ = 22Mpbi (1 + L_lj 0 (3_9)

Note that since a strong-column weak-beam design approach is mandated in the design of SPSW,
plastic hinges are assumed to develop in the HBEs instead of in the VBEs. This explains why
only the plastic moment capacity of the HBE at every floor is captured by (3-9).

Furthermore, regarding the internal work produced by the strips, the strip yield forces acting on
the anchor beams (i.e., the top and bottom HBEs) produce positive internal work while the forces
acting on the intermediate HBEs produce both positive and negative work (i.e. the strip yield

forces acting on the bottom of an HBE at a particular story produce positive internal work while
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the strip forces acting on top of the same HBE produce negative internal work, as shown in
Berman and Bruneau 2003). Thus, the total internal work produced by the yielding strips
(Winternat 2) 1s expressed in (3-10).

‘ LO/L,+6
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FIGURE 3-5 Sway and Beam Combined Plastic Mechanism for Multistory SPSW

33



ng 1 ]
VVinternale = ZEpr (twi L2 _twi+1 Lp)SIH (2a)Hl 0
i=l
N J
Y
Horizontal component of

the strip yield forces

L L
+F t,L, cos’a 7‘9+2pr (t, L, —t,., L,)cos’ a 7‘9 (3-10)
i=1

\ )

Y
Vertical component of
the strip yield forces

Again, equating the external and internal work [(3-8), (3-9), and (3-10)] gives the following

general equation to calculate the ultimate strength of multistory SPSW with combined
mechanism:

ng L} 1
;ViHi=2£L IL szpbi

p ™ i=0

\ )
Y

Plastic Hinge on the HBEs

yp “wi
i=1

nS 1 ) I’ls 1 .
#3231 )Sin Q) H, =Y 1, Ly sinQa) H,
N

J
_ Y
Horizontal component of
the strip yield forces

L < L
+pr twl LZ COSZ a ?l_i_szp (twi L2 _twi+l Lp) COSZ (24 71 (3-11)
i=1

\ J

Y

Vertical component of
the strip yield forces

Note that for comparison purposes, the above equation is arranged similarly to (3-1). This has
been achieved by first substituting L, equals to (L, — L;) into (3-9) and (3-10), followed by
conducting some algebraic manipulations. Consider the internal work terms on the right part of

(3-11): except for the third term, (i.e., internal work produced by the vertical component of the
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strip yield forces), the first two terms are comparable to those in (3-1) but of a different
magnitude. In the first term, the total internal work produced by plastic hinges on the HBEs is
larger in the combined mechanism by a factor L,/(L, — L;) compared to that in the uniform
mechanism. This is understandable because more plastic rotation is required to develop two
plastic hinges (i.e., one in-span plastic hinge plus one plastic hinge at HBE end) in the combined
mechanism compared to the uniform mechanism (i.e., two plastic hinges at HBE ends). However,
because not all strips yield in the combined mechanism, the internal work produced by the
horizontal component of the strip yield forces are smaller (i.e., due to the negative part in the

second term) compared to that in the uniform mechanism.

Note that since there are more terms in the internal work of (3-11) than that of (3-1), one might
be tempted to conclude that the combined mechanism has larger total internal work compared to
that of the uniform mechanism. However, that is not the case because the reducing factor in the
second term of (3-11) is much bigger than both the increasing factors in the first and the third
term, meaning some of the infill plates that remained elastic predominantly reduce the internal
capacity of the structure to resist the external load. This will become clearer further on when

presenting the ultimate strength of SPSW-ID within the next paragraph.

At this point, the distance of the in-span plastic hinges L; needs to be determined. One could
obtain the exact location of that hinge by setting the first derivative of (3-11) to zero. However,
this approach would be cumbersome. An easier approach is to take advantage of the SAP2000
results already obtained. As shown in figure 3-2, the location of in-span plastic hinges is at about
quarter span except for the second floor HBE (labeled HBE2) where it is at about mid-span.
Assuming that the location of in-span plastic hinge is somewhat similar at every floor (i.e., at
about quarter span), the total internal work of SPSW-ID which developed the combined
mechanism shown in figure 3-5 is 7178 kip-ft (i.e. 13.4% lower than that calculated using in the
uniform sway mechanism). Using the relationship between the shear force in every floor as
shown in (3-2), this corresponds to a theoretical base shear of 304 kips. This value is only 2.2%

different from the one SAP2000 gave.
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3.4 Cyclic Pushover Analysis

As presented in the previous section, SPSW-ID experienced a significant vertical deformation
near the HBE mid-span. This deformation mainly arose from the pulling forces imposed by the
yielding infill plates. After reached a certain lateral drift (i.e., 1.8% drift), as a result of the HBE
inadequacy to resist that yielding forces, plastic hinge occurred along the HBE span (i.e., at the
mid-span of HBE2). A significant vertical deformation in that HBE as shown in the deformed
shape of SPSW-ID in figure 3-3 is a consequence of this phenomenon. In a seismic excitation
environment, when a structure experiences cyclic loading, this plastic hinging along the HBE

span could lead to progressively increasing deformations.

To investigate whether this phenomenon develops in the HBEs and whether it may affect
structural performance, cyclic pushover analysis was conducted. The progressively increasing
cyclic displacement history applied to the top floor of the structure for this purpose is shown in
figure 3-6. Note that for this discussion, positive pushover displacement (producing positive base
shear) is assumed to be acting from left to right of the structure. For comparisons, the same
analysis was also performed on SPSW-CD. Results from the cyclic pushover analysis conducted

on both SPSWs are compared below.

Figure 3-7 shows the resulting force-displacement hysteresis for a typical strip. Here, elastic
deformations are excluded and only plastic deformations are plotted. Note that the resulting
hysteresis is actually a combination of force-displacement outputs of two Bracing Elements,
whose positions mirror each other in the SAP2000 model. The top-right part of the hysteresis was
obtained from a member at the 3" floor that yielded in the positive pushover displacement (called
here the “right-leaning strip”) while the bottom-left part was obtained from its counterpart mirror
member on the same floor that yielded in the negative pushover displacement (called here the
“left-leaning strip”). In the first cycle of loading, for example, when positive pushover
displacement applied to the structure, the first element experiences tension forces while the
second element buckles immediately since it has no capacity in compression (i.e., no force nor
displacement is developed). When the structure returns to its initial zero-displacement position
and continue to the negative direction, the behavior is reversed; the second element experiences

tension forces and the first element buckles. This interchanging role between the two elements
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FIGURE 3-6 Displacement History for Cyclic Pushover Analysis

continues until the end of pushover displacement history. Hence, negative values in the figure
should be understood as an indication of pushover direction rather than compression forces
developed in the strips. In addition, these results verify the correctness of the strip hysteretic
model applied in the SAP2000 model as defined in figure 2-6(d), which has strength only in
tension but no strength in compression. Even though this hysteresis is unique to those particular
strips (in this case, strips at the 31 floor), the result is representative of any strip. This particular
strip has cross section area and length of 0.71 in® and 164 in, respectively. For the light gauge
steel (F,,=30 ksi) used in the strips, one can obtain the yield force (P,) and strip yield

displacement () of 21.4 kips and 0.17 in, respectively.

Figure 3-8 shows the base shear versus lateral displacement hysteretic curves up to 3% drift for
SPSW-ID and SPSW-CD, respectively. For comparisons, the previous monotonic pushover
results are also plotted in both figures. The backbone of both cyclic pushover analyses follows

the monotonic curves without perceptible differences until higher drift (i.e., > 2% drift). If the
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FIGURE 3-7 Typical Force-Displacement Hysteresis of Slender Strip

contribution to the total strength due to the boundary frame moment resisting action is calculated
by analyzing it as a bare frame model without the infill plates, comparing the result with the total
plastic strength of each SPSW, it is observed that the boundary frame plastic strength (in a sway
mechanism) contributes about 30% and 48% of the plastic strength of SPSW-ID and SPSW-CD,
respectively. This explains why SPSW-ID exhibits more pinching in its hysteretic behavior
compared to SPSW-CD.
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3.4.1 Plastic Hinge and Strip Yielding Distributions

In the monotonic pushover analysis, the plastic hinge distribution was presented only at 4%
lateral drift (figure 3-2). At this significantly high drift, the fully plastic criterion (M > 0.97M,,)
was sufficient to illustrate the plastic mechanisms of both SPSWs. Here in the plastic hinge
distribution of the cyclic pushover analysis, however, two early stages of plastification (in
addition to the fully plastic condition that was shown in figure 3-2) have been defined to observe
the progression of plastification at several drifts of interest. They are “yielding condition” and
“partial plastification”. Knowing that for the W-sections typically used in North American steel
construction, the ratio between yield moment and plastic moment (i.e., the shape factor) typically
vary from 1.12 to 1.16 with an average of 1.14 (Bruneau et al. 1998), a given cross section only
subjected to flexure can be deemed to have started to yield if its developed flexural moment is
88% of its theoretical plastic moment. Hence, in pure flexure, it would be reasonable to assume
that the yielding condition is reached at a given plastic hinge location if the flexural moment is
between 88% to 91% of its theoretical plastic moment; and partial plastification is reached if the

flexural moments is between 91% and 97% of its theoretical plastic moment.

While those criteria are simple to apply, they do not actually consider the reduction of HBE
plastic moment capacity due to its developed axial forces generated by the infill plate tension
forces. Though the plastic moment capacity of a typical wide flange section starts to decrease
when the developed axial force is higher than 15% of its axial yield strength (Bruneau et al.
1998), yielding of the cross section starts much earlier (M, = 0.74M,) at this same level of axial
force. As a result, the corresponding range for those three stages of plastification should be
modified. Accordingly, a comprehensive criterion to incorporate this earlier onset of yielding and
reduced plastic moment capacity could be proposed (e.g., per the procedure presented in Qu and
Bruneau 2008). However, because the reduced capacities vary between one HBE to another,
depending on the level of axial force in one particular HBE relative to its axial yield strength (i.e.,

P/P)), it would be difficult to define a fixed comprehensive criterion.

Hence, for the case when the magnitude of axial forces developed in one particular fiber hinge
becomes significant (i.e., P > 10%P,), the fiber stress-strain information is expediently used to
assess the plastic condition of the fiber hinges. This is possible because the fiber hinges

automatically accounts for the interaction between the axial loads and moments. Therefore, in
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this case, the “yielding condition” corresponds to the stage when the furthest fiber from the
plastic neutral axis reaches the yield stress (extending that initial condition up to the “upper
boundary” defined by the case when all fibers on one flange have yielded), the “fully plastic
condition” corresponds to the instance when most of the fibers have yielded (i.e., only one or two
fibers close to the plastic neutral axis remain elastic), and the “partial plastification condition”
corresponds to the cases between the two conditions. On the other case, when the magnitude of
axial force does not exceed what could be considered to be a moderate level, a limit defined here
as P < 10%P,, the generic criteria outlined in the first paragraph of this section are used to assess
the plastic condition of the fiber hinges. Hence, the circular markers in figures 3-2, 3-9, and 3-10,
which indicate whether either partial plastification or full plastic moment have been reached on
the HBE at selected locations, have been manually added to these figures based on those
assumptions (i.e., level of flexural moment or fiber stress-strain information). The corresponding

yielding conditions are also indicated in the figures by text.

Figure 3-9 shows the plastic hinge and strip yielding distributions on SPSW-ID. Plotted in parts
(a), (b), and (c) are the condition at the end of the full cycle at 1% (2™ cycle), 2% (4™ cycle), and
3% drift (6th cycle), respectively. To have a better understanding of which plastic hinges formed
in each direction of pushover displacement, new markers have been introduced in the figure,
which are slightly different from the one that was shown in figure 3-2 for monotonic pushover
analysis. Here, symbolic hinges that are half-shaded or half-solid on the top part of the circular
markers indicate that partial plastification or full plastic condition, respectively, have been
reached on the HBE at the shown location when the structure undergoes positive drift excursion.
When the structure undergoes an excursion in the reversed direction, those half-shaded or half-
solid indications are shown on the bottom part of the circular markers to indicate the same
respective conditions. Consequently, full-shaded or full-solid indicate that the respective

conditions occurred in both directions (i.e., positive and negative directions).

Using this notation, it is seen from figure 3-9 that the plastic hinge distribution at the end of the
1% drift cycle is somewhat symmetric in both directions. When the structure experienced +1%
lateral drift, a total of four plastic hinges (1 partial plastification and 3 fully plastic) occurred at
the HBE ends; and at the reversed excursion of —1% lateral drift, a total of five plastic hinges

(2 partial plastifications and 3 fully plastic) occurred at the same HBE ends.
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Furthermore, at the end of the 1% drift cycle, three strips on the second and the third floor
remained elastic (in the figure shown as the solid lines close to the corner) and only two strips on
the first floor had yielded (in the figure shown as the broken lines). One might notice in figure 3-9
that there are actually six strips shown to have remained elastic in the top floor as well as in the
second floor and four strips shown to have yielded on the first floor. However, since the
information is presented here in terms of pushover displacement results for each specific
direction (for example, the case acting in the positive direction is defined as a displacement going
from left to right of the structure), one should only count the strips oriented in the respective
direction of interest (i.e., the right-leaning or left-leaning strips for the positive or negative

direction, respectively).

As the pushover displacement increased, more strips yielded, predominantly on the first floor,
while only one additional strip yielded on the top floor. As previously observed in the monotonic
pushover analysis, even at higher lateral drifts (i.e., at the end of the 3% drift cycle) some strips
remained elastic; more specifically, a total of 9 right-leaning strips and 10 left-leaning strips
remained elastic. This phenomenon will be explained later in the next section through
observation of the deformed shape of SPSW-ID plotted in figure 3-12. Moreover for the plastic
hinge distribution, beyond the plastic hinges that occurred at the HBE ends, three locations of in-
span plastic hinges were also observed on HBE2 and HBE3 at the end of 2% drift cycle. In
addition, the yielding condition occurred along the span of HBEO and HBEI. It is useful to
illustrate how the fiber stress-strain information was used at this drift level, using the above
definitions, to assess the plastic condition of the fiber hinges. Consider the hinge at the quarter
point of HBE3 as an example. Flexural moment at this particular location at 2% drift was
2661 kip-in, less than the pure-flexure yield moment of W16x36 section used for HBE3 (i.e.,
M, = 2793 kip-in). However, fiber stress-strain information confirmed that about 33% of the total
area of cross section (all 16 fibers on the bottom flange + 3 fibers on the web) had reached the
yield stress of 50 ksi. The significant developed axial force (P = 12.5% P,) primarily contributed
to this behavior by reducing the yield moment by about 12.5% (i.e., M, equals to 2443 kip-in at

that axial force level).
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At the end of the 3% drift cyclic, in-span plastic hinges on the HBEs occurred at 4 locations
(1 partial plastification and 3 fully plastic) during the positive drift excursion and at 4 locations
(2 for each partial plastification and fully plastic) during the negative drift excursion. Incidentally,
one interesting behavior observed on the plastic hinge distribution of SPSW-ID after the structure
experienced a higher drift (i.e., > 2% drift), was evidence of three plastic hinges having formed in
some of the HBEs. For example, this was observed on HBE2 when the structure underwent its
positive drift excursion during the 2% drift cycle and on each HBE in both excursion directions
of the 3% drift cycle. This seems to contradict the results obtained for the theoretical sway and
beam combined mechanism observed under monotonic push-over analysis for the corresponding
multistory SPSW, as illustrated in figure 3-5, in which only two plastic hinges on the HBEs were
required to form the plastic mechanism. Actually, there is no contradiction. However, before
explaining this phenomenon through observation of the free-body diagram of the corresponding
HBE (as will be done later in this section), results for the SPSW-CD case are first presented and
compared to that of SPSW-ID.

Presented in figure 3-10 is the plastic hinge and strip yielding distributions on SPSW-CD. At the
end of the 1% drift cycle, most of the strips had yielded; only four right-leaning strips and five
left-leaning strips (i.e., close to corners) had remained elastic. By contrast with SPSW-ID for
which 9 right-leaning strips and 10 left-leaning strips had remained elastic at the end of the 3%
drift cycle, here for the SPSW-CD, all strips have completely yielded at that cycle. In addition, all
plastic hinges have developed at the HBE ends of SPSW-CD and no in-span plastic hinge
developed (contrary to the four in-span plastic hinges that developed in the SPSW-ID).

As mentioned previously, there is a discrepancy between the monotonic and the cyclic pushover
analyses of SPSW-ID in terms of the number and location of in-span plastic hinges that ones
observed to occur on several HBEs during development of the respective plastic mechanisms. To
explain that phenomenon, a step-by-step investigation on the free-body diagram of the
corresponding HBE (e.g., HBE3) in the SPSW-ID was conducted. Figure 3-11 shows the free-
body diagram of HBE3 during the positive excursion of the 3% drift cycle. Part (a) of the figure
informs the free-body diagram at the end of the 5™ cycle (i.e., at 0% drift) after the structure was

pushed to the right and to the left up to a maximum lateral drift of 2.5%. Here, residual moments

45



2012

(a). 0.0% Drift ) 0.63M, 0.24M,
+ 1
744
3021
(b). +1.0% Drift ) 0.95M,
&
+ 0.16M,
523
3132 .
(c). +1.5% Drift
C 7 )
1.2 1The third strip from 1198
the left. 8 strips are
attached to HBE3
3038 .
(d). +2.0% Drift
eV )
1.4
78 124 135 2196

at i

2936
C (e) +2.5% Drift ) 0.92M, A

0.99M
104 / / / 31010 + ’

18.4 204 173 19.6 51 5

0.93M,
at Vi

C2851 (). +3.0% Drift ) 0.90M, A

i/ S S S , b,

213 21.3 21.3 213 213

0.98M,
at V4L

HL=240in.4—{ - L=240in.4>{
Units: moments (kip-in); forces (kips)

FIGURE 3-11 HBE3 Free-Body Diagram and Moment Diagram for SPSW-ID at Various
Lateral Drifts during 3% Drift Cycle

at the left and the right ends of HBE3 were 0.63M,, and 0.24M,, respectively, and no tension
forces remained in the strips. When the structure experienced +1% drift [part (b) in the figure], a
partial plastification occurred at the left end of HBE3 while the moment at its right end changed
curvature direction; and again no tension forces were present in the strips because the previous

maximum elongation in the strips has not been reached back yet. At +1.5% drift, the left end
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became a fully plastic condition (M = 0.99M,,), the right end moment was —0.381/,, and a tension
force of 1.2 kips started to develop in the third strip from the left. Interestingly, as more strips
regained tension and resumed plastic energy dissipation anew at +2% drift, the left end moment
reduced while moments at the quarter-span from the left as well as at the right end increased. In
addition, the previously linear distribution of moment diagram became a quadratic shape due to
the tension forces from the strips. By the end of the positive excursion at 3% drift, the plastic
hinge that had occurred at the left end under increasing drifts was under elastic unloading and
thus not plastic anymore. Plastic hinges were instead located at the quarter-span from the left and
at the right end of HBE3, similarly to what was observed during the monotonic pushover analysis
case. Hence, this distinctive transition mechanism between the sway and the combined
mechanism in SPSW-ID explains the plastic hinge distribution observed on HBEO, HBEI, and
HBE3 shown in figure 3-9. At the end of the cyclic pushover analysis, three plastic hinges indeed
develop on those HBEs but they did not occur at the same time during the drift excursion. Note
that a small drop of HBE end moment at a higher drift after the infill plates yielded actually also
occurred in several HBEs of SPSW-CD. However, it was not followed by changing of the plastic
hinge distribution (i.e., the system remained in its sway plastic mechanism) as opposed to the

case of SPSW-ID. Section 3.4.4 also has additional explanations for this phenomenon.

3.4.2 HBE Vertical Deformation

A most significant phenomenon observed is the HBE vertical downward deformation of
SPSW-ID, progressively increasing and of significant magnitude as the lateral drift increased.
This can be observed especially on the top two HBEs as shown in figure 3-12(a). For example,
the vertical deformation on the top HBE progressively increased from 0.8 to 2.3 in. when the
structure was pushed from 1% to 3% drift; and when the structure returned to its original position
after it went through a full 3% drift cycle, the residual vertical deformation of the top HBE
remained significant, was at about 1.7 in. (later shown in figure 3-13). This significant HBE
vertical deformation prevents the corner strips (i.e., the top left corner for positive pushover
displacement) on the second and the third floor to completely stretch up to the yield displacement.
Moreover, strips on the first floor behaved differently from the top two floors. Since the bottom
HBE deformed upward and the HBE on the first floor deformed downward, both strips on the top

left and bottom right corners remained elastic. This further explains why in figure 3-9 those
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corner strips remained elastic and in-span hinges developed. Interestingly, more strips were found
to be elastic during the cyclic pushover analysis than during the monotonic pushover analysis (i.e.,
9 out of 36 right-leaning strips remained elastic in the cyclic analysis compared to only 5 in the
monotonic pushover analysis). This can be explained by comparing the HBE deformed shapes
obtained from monotonic and cyclic pushover analysis plotted in figures 3-3(a) and 3-12(a),
respectively. For the same magnitude of drift (i.e., at +3% drift), the top floor HBE for example
has larger vertical deformation in the cyclic pushover analysis than that in the monotonic
pushover analysis. They are 2.3 and 1.7 in. for the respective analyses. The larger the HBE
vertical deformation, the less the elongation in the corner strips and, as a result, the more strips
remaining elastic. As a consequence of this behavior, the infill plates in SPSW-ID do not develop

their full capacity to resist the specified lateral loads.

By comparison for SPSW-CD, relatively small vertical deformations actually occurred on the
HBEs during cyclic pushover analysis. The largest HBE vertical deformation is 1.1 in. at +3%
lateral drift. However, this is not large enough to create in-span plastic hinging and becomes only
0.5 in. (later shown in figure 3-13 for HBE3) when the structure returns to its original position

after it went through a full 3% drift cycle.

While information in figures 3-9 to 3-12 is helpful to provide snap-shot views of the deformed
shape and yield condition of SPSW at selected drifts, a complete history of the recorded vertical
displacement of HBE as a function of structure lateral drift, such as the one shown in figure 3-13,
1s more instructive to explain the performance of the HBEs designed by the two different
approaches. This figure compares vertical displacement history at the mid-span of the top HBE
for both SPSWs.

Two key behaviors can be observed from the figure with respect to vertical displacement: (1) at
the maximum drift of every cycle (called here the “backbone” displacement) and (2) when the
structure returns to its original position at 0% drift (called here the “residual” displacement). The
backbone-displacement slope of SPSW-ID is larger than that of SPSW-CD. This implies that the
HBE vertical downward displacement for SPSW-ID increases faster than that for SPSW-CD. In

other words, this accumulative plastic incremental deformation due to cyclic pushover
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FIGURE 3-13 HBE3 Vertical Displacement versus Top Floor Lateral Displacement
Obtained from Cyclic Pushover Analysis

displacement is more apparent on SPSW-ID. It also detrimentally affects the structural
performance of SPSW-ID. For example at +3% drift, the HBE3 vertical displacement of
SPSW-ID was 2.3 in.; about 2.6 times larger than that of SPSW-CD, which is 0.9 in. The same
trend was also exhibited with the residual displacements. At the end of the 3% drift cycle, HBE3
residual displacement for the SPSW-ID was 3.5 times larger than that for the SPSW-CD. In
addition, progression of the HBE residual displacement from one cycle to another cycle is
quicker for the SPSW-ID than that for the SPSW-CD. For example, HBE3 residual
displacements of SPSW-ID progressively increase from 0.06 in. (at the end of the 1% drift cycle)
to 1.7 in. (at the end of the 3% drift cycle). By contrast, for SPSW-CD, they increase from 0.0 in.
(no residual displacement) to 0.5 in. for the same respective cycles. Moreover, this phenomenon

on SPSW-ID would be even worse if a smaller W-section had been used for the top HBE such
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that its demand-to-capacity ratio was closer to 1.0; recall that a value of 0.88 (as shown in figure
2-2) was obtained for that top HBE in the SPSW-ID case, compared to the corresponding 0.99
value at the top HBE of SPSW-CD. If anything, this discrepancy reinforces the conclusions
reached by this case study.

For a more through investigation of the behavior of the two SPSWs, vertical deformation of each
HBE is plotted in figure 3-14 arranged vertically from the top HBE to the bottom HBE; plotted
on the left side are curves for SPSW-ID, whereas on the right are curves for SPSW-CD. In
general, each HBE has a behavior similar to the one presented in figure 3-13. Note that the
maximum vertical deformation does not always occur at the HBE mid-span. As shown in figure
3-12, in some cases (e.g., HBE1 on SPSW-ID; HBE1 and HBE2 on SPSW-CD), the maximum
location is close to the HBE quarter-span (i.e., about 4L measured from the left when the
structure is pushed to the right). If the vertical deformation measured at this location is used to
plot their hysteresis, the resulting curve is not symmetric because when the structure is pushed to
the left, the maximum vertical deformation is not at this location anymore, but instead at the
plastic hinging that develops at 4L measured from the right. Here, to have a better presentation
of the hysteretic behavior of the in-span plastic hinges, the vertical deformation plotted in
figure 3-14 is taken where the maximum deformation occurred in each HBE. Furthermore, since
the location of maximum deformation of HBE3 for both SPSWs is always close to its mid-span,

hysteresis curves of HBE3 plotted in figures 3-13 and 3-14 are somewhat identical.

The information presented in figures 3-9 to 3-14 demonstrates that plastification along HBE
spans, in the case of SPSW-ID, can detrimentally impact behavior of the structure by inducing
significant vertical and residual deformations on the HBEs, themselves leading to partial yielding
of the infill plates and correspondingly lower global plastic strength. Globally, the results of
cyclic pushover analysis showed that the SPSW-CD performed better than the SPSW-ID in terms
of having plastic hinges only at HBE ends, completely yielded infill plates (i.e., in compliance
with the behavior expected by the AISC Seismic Provisions 2005), and relatively smaller vertical
displacements along the HBE spans. However, one might question why any residual vertical
deformations were also observed in the SPSW-CD given that no in-span hinges occurred in that

case. Explanation to this concern is presented in the following section.
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3.4.3 Cycle by Cycle Investigation on HBE Deformation History of SPSW-CD

To investigate the above phenomenon in the SPSW-CD, a cycle by cycle investigation on the
behavior of its HBE was conducted. Though similar observations could be made on any of the
HBESs, behavior of only the top HBE was examined in this case. Free body diagrams and vertical
deformation history of the top HBE at 0.5%, 1%, 2%, and 3% drift are plotted at the top part of
Figs. 21(a), (b), (c), and (d), respectively. Note that those drifts correspond to the 1%, 2™, 4™ and
6" cycles (consistently with the information in figure 3-12). Along with that information, force-
displacement hysteretic history of the entire SPSW in terms of the structural base shear is
presented in the bottom part of figure 3-15. In every cycle, observations were made at four key
conditions, namely at the point of maximum positive drift (point A), when the structure passed
the original position (point B), at the point of maximum negative drift (point C), and when the

structure was pushed back to its original position upon completion of a full cycle (point D).

In the first cycle when the structure reached point A (i.e., corresponding to +0.5% drift), half of
the strips connected to the top HBE had yielded, with the yielding forces P, being equal to
21.3 kips. At that point, the HBE was elastic (i.e., no plastic hinge has occurred) and only 45% of
its plastic moment capacity was used (i.e., My = 3656 kip-in out of M, = 8093 kip-in) to resist
the tension forces generated by the attached infill plates. The resulting vertical deformation of
0.28 in. was an elastic response of the HBE to those forces, which disappeared once the structure
returned to point B at 0% drift. Note that though the HBE elastically deformed, the vertical-
displacement-versus-lateral-drift curves (the top curve) did not trace-back on top of themselves,
however taking different paths during the loading and unloading stages creating a loop in the
curve. This is because the tension forces applied to the HBE did not increase proportionally at the
same time on all strips, but rather gradually developed from the right toward the left strips as the
structure was pushed to the right and unloaded in a reverse order when the structure was pushed
to the opposite side. This also explains why moments were significantly different from one HBE
end to the other. As shown by the HBE free body diagram at point A in figure 3-15(a), the left
end moments are only about 10% of that of the right end. Furthermore, strip yielding in this cycle
can also be observed in the history of base shear (the bottom curve). As the strips start to yield at

about 0.2% drift, structural stiffness gradually softened until reaching point A, where the
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structure experienced a 290 kip base shear. A similar behavior was also exhibited when the
structure was pushed to the opposite direction (i.e., to the left of the structure) up to point C,
returning to point D. At the end of the cycle, point D overlapped point B in the original position.
In other words, negligible residual vertical deformation remained in the HBE and base shear in

the structure.

In the second cycle, during which the structure was pushed to the right and to the left up to a
maximum lateral drift of 1%, the HBE behaved somewhat similarly to what was observed in the
first cycle, except that more strips yielded. In fact, only one corner strip remained elastic; as
shown in the HBE free body diagram at point A and C of figure 3-15(b), the axial force in the
corner strip is 11 kips, which is less than the yielding forces P, of 21.3 kips. As a result of the
increasing tension forces from the infill plates, moments at the HBE ends also increased. The
largest moment of 5634 kip-in occurred at the left end when the structure experienced —1% lateral
drift (point C). Small moments, as high as 10 kip-in, remained at the HBE ends when structure
returned to point B or D. Like in the previous cycle, negligible residual vertical deformation

remained in the HBE and base shear in the structure.

Several newly observed behaviors emerged during the 2% drift cycle. First, all strips connected
to the top HBE yielded, and each strip reached its yielding axial strength P, of 21.3 kips, as
shown in the HBE free body diagram at point A of figure 3-15(c). Hence, the maximum tension
force from the infill plate has been reached and can not produce additional vertical deformation
on the HBE. Note that this fully yielding condition of the infill plates has actually first occurred
during the previous cycle (i.e., the 1.5% drift cycle). Although detailed results for the behavior of
the HBE at 1.5% drift are not presented, the hysteretic trace at that drift is included along with
that of all other cycles preceding the 2% cycle in figure 3-15(c); they are shown by the lighter
color line in the figure. Here, the somewhat flat shape exhibited in the vertical displacement
curve (i.e., on the ‘loading’ path starting from 1% to 1.5% drift, marked as region 1 in the figure)
indicates the fully yielding condition of the infill plate, which does not induce additional vertical
deformations on the HBE. Any increase in vertical deformations beyond that point (e.g., from
1.5% to 2.0% drift, marked as region 2 in the figure) were thus caused by the moments at the

HBE ends that increased as the structure was pushed further to reach point A. Note that the same
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behavior was also exhibited during the negative pushover displacement. Also note that although
the axial forces in the corner strip (i.e., P equaled 16 kips when the structure reached point C) is

less than the yield forces, this strip had actually yielded in the previous cycle (i.e., the 1.5% cycle).

Second, in addition to the previous behavior, complete plastification developed at the HBE right
end during this cycle when the structure was at point A. Even though the developed end moment
of 7991 kip-in was not perfectly equal to its theoretical plastic moment of 8093 kip-in
(i.e., Myax = 0.99M,), it is considered that a fully plastic condition has been reached based on the
criteria described earlier in Section 3.4.1. Hence, a significant residual end moment of 1013 kip-in
(or 12.5% M,) remained at the HBE right end when the structure returned to its original position
at point B. Consequently, even though no tension forces remained in the infill plates at that point,
the vertical displacement at the mid-span did not return to zero but remained 0.1 in. downward as
a residual deformation in the HBE. Furthermore, a somewhat similar behavior was also observed
during the other half cycle when the structure was pushed to point C and returned to point D. In
other words, complete plastification developed at the HBE left end at point C (i.e., M, also
equals to 0.99M,); and a significant residual moment of 992 kip-in (or 12.3% M,) and a residual
vertical displacement of 0.2 in. were observed at point D. Incidentally, also note that in terms of
global behavior, if lateral forces were removed from the structure after the positive and negative
pushover excursion cycles, lateral story displacements of 1.3 and 1.0 in., respectively, would
have remained at the top floor as residual deformations. These residual story displacements are
shown by point B’ and D’, respectively, in the base shear hysteresis curve of figure 3-15(c). In
other words, lateral forces of 44 or 32 kips are needed to return the structure to its original

position at point B or D, respectively.

Third, another interesting behavior observed during this cycle is the flat line on the vertical
displacement curve in figure 3-15(c) marked from point E to F. The first point corresponds to a
point at about +1% drift during the “unloading” path returned from point A, whereas the other
point corresponds to a point at about —1% drift during the “loading” path to point C. This region
(called here the “strip transition region’) is predominantly characterized as a state of behavior
during which there are no axial forces in the strips — except for negligible axial forces observed in

the corner strips at the beginning and the end of the region (i.e., the stage close to point E and F).
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At point E, tension forces in the right-leaning strips have unloaded and become ineffective as the
pushover displacement moved left (towards the negative drifts) while, at the same time, left-
leaning strips have not yet recovered their elastic buckling deformations. Note that before the
latter strips can resist loads again and provide plastic energy dissipation anew, the story frame
must undergoes to its previous reached maximum drift, which in this case occurred at point F.
At that point F, the left-leaning strips can anew resist the tension forces generated by the
pushover displacement toward negative drifts. In this region, the vertical deformation in the HBE
therefore was mainly affected by HBE end moments. Note that in this region the left and the right
end moments have different curvatures (e.g., condition at point B). They produce contrary effects
on the HBE vertical deformation: the left end moment reduces the deformation and the other one
increases it as the structure gradually moves to left. Since the rate of moment changing at both
ends is somewhat constant, consequently in this E-F region, the vertical deformation at the HBE

mid-span is also somewhat constant.

In the last cycle considered here, at 3% drift, the strip-transition-region is even more apparent. As
shown in figure 3-15(d), the region roughly exists between +1.5% and to —1.5% drift. The larger
the pushover displacement applied to the structure, the longer the strip-transition-region will be.
In terms of global behavior, the base shear history in this cycle is somewhat similar to that
observed during the 2% drift cycle except that larger residual lateral displacements are observed
at the top floor, on the order of 4 in. both at point B’ and D’. However, one interesting trend first
observed during the 3% drift cycle, is the ‘bumps’ exhibited in the vertical displacement curves,
such the one circled by the dashed line in figure 3-15(d). This can be explained by tracking the
free body diagram starting from point B, as done in figure 3-16. Here, the residual moments at
the right and the left end are 55% and 4.7% of the HBE theoretical plastic moment, respectively.
This significant difference plays an important role on the history of vertical displacements, as
illustrated in figure 3-16. Up to the lateral drift of —1% from point B, the rate of moment
changing at both ends is somewhat constant, which result in a flat curve similar to the one during
the 2% drift cycle. However, as the pushover displacement continues and the magnitude of
moment at the right end approaches the HBE plastic moment (i.e., condition at —1.5% drift), its
contribution to increase the HBE vertical displacement gradually diminishes. By contrast, the left

end which has sufficient capacity to absorb more moments becomes the primary factor in
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reducing the HBE vertical displacement. This however does not remain for such a long duration
because the left-leaning strips start to resist tension (i.e., condition at —1.7% drift) and the
resulting tension forces bring the HBE down again (i.e., vertical displacement increases). Hence,
this progressive transition between the right end moment, the left moment, and the tension force
in the strips dictating behavior of the HBE explains the bump observed in the curve of the

vertical displacement history.

Therefore, as demonstrated and explained above, the residual vertical deformations in the HBE of
SPSW-CD are caused by the residual moments at the HBE ends after plastification has occurred
at those locations. It was shown that prior to this plastification (i.e., at drifts less than 2% in this
case), the HBE exhibited no residual deformations. Though such residual deformations appeared
and increased beyond 2% drift, they stabilized once complete plastification occurred at both HBE
ends. Note that if one would analyze a simply supported beam and apply end moments similar to
the residual moments observed in the HBE (e.g., at 2% or 3% cycle), one would obtain vertical
displacements identical to those obtained here. These results also confirm that tension forces
from the infill plates do not produce detrimental effects along the HBE span of SPSW-CD. In
other words, accumulation of plastic incremental deformation due to cyclic pushover

displacement does not significantly develop for the SPSW-CD case.

3.4.4 Moment-Rotation Comparison

Another approach that can be used to examine the behavior of the two SPSWs is by comparing
the moment-rotation hysteresis of their HBEs, as done in figure 3-17. The figure plots the
normalized moment-rotation hysteresis of each HBE (arranged vertically from the top to the
bottom HBE) obtained during the cyclic pushover displacements (figure 3-6). Plotted on the left
side are curves for SPSW-ID, whereas on the right are curves for SPSW-CD. Here, normalized
moment and rotation are plotted, respectively, relative to the corresponding HBE plastic moment
capacity and to the required plastic rotation capacity of a special moment resisting frame, which
equals to 0.03 radians (Bertero et al. 1994, SAC 1995). In other words, the normalized terms
plotted are M/M, and /603, where M and M, are the end moment and the corresponding HBE
plastic moment capacity, respectively; & and 63 are the angle of rotation and the required

plastic rotation capacity of a special moment resisting frame. In addition, diamond markers
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included on each hysteretic curve correspond to the normalized values reached at lateral drifts of
positive and negative 1%, 2%, and 3%, as indicated in the figure. Note that the hysteretic curves
of both HBE ends are somewhat similar — except that they are the mirror image of each other —

and thus only those of the HBE left end are presented.

Unlike the general hysteresis curve for special moment resisting frames, which is typically
symmetric with respect to positive and negative rotations developed under a symmetric cyclic
pushover displacement history, the hysteresis curves of both SPSWs considered here are not
symmetric but looping with a bias toward one direction. It loops towards the positive side for the
bottom HBE and to the negative side for the other HBEs, where positive and negative rotations
here are respectively defined as corresponding to tension on the bottom and top side of the HBE.
The tension forces from the infill plates contribute to this behavior by always pulling the HBE in
the direction of the tension forces (i.e., pulling the bottom HBE upward and the other HBEs
downward). For reference, Appendix E compares the hysteresis curves of both SPSWs and

special moment resisting frames (i.e., their bare frames without the infill plates).

Moreover, one may notice in figure 3-17, at higher drifts, that after the plastic moment is reached,
a small drop in the moment resisted is observed in several hysteresis curves before the maximum
drift is reached (i.e., this is seen in the HBEO and HBEI1 hysteresis of SPSW-ID). Recall that no
material degradation is considered in the analytical model (figure 2-6). Rather, this small drop of
moment is an artifact of the transitional behavior previously explained in figure 3-11. To
specifically relate the information in figure 3-11 with that in figure 3-17, one can observe that the
diamond marker at +3% for HBE3 of SPSW-ID is located at 90% of the plastic moment (M/M,, =
0.90), as calculated and shown in figure 3-11.

Interestingly, except for the bottom HBE, all the moment-resisting ends of the HBEs of
SPSW-ID developed a cross-section rotation (i.e., cross-section curvature multiplied by plastic
hinge length) greater than 0.03 radians after the structure was pushed cyclically up to a maximum
lateral drift of 3%. In one case (i.e., HBE2), the total (elastic and plastic) rotations even reached
0.062 radians. Such a significantly high cyclic rotation demand would be quite difficult to

achieve using the type of moment resisting connections typically used in SPSW (recall that the
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AISC 2005 Seismic Specifications only require that Ordinary-type connections be used in SPSW).
In fact, it might also be difficult to achieve with special moment resisting frame (SMRF) beam-
to-column connections approved by AISC 2005, which are experimentally verified to perform
well up to +/-0.04 radians total rotations, or +/—0.03 radians plastic rotations. By comparison for
SPSW-CD, all HBE total rotations obtained were less than or equal to 0.03 radians under the
same cyclic pushover displacements up to 3% drift. This again implies that SPSW-CD has

superior performance over SPSW-ID.

Given the objective of achieving proper connections in steel structures, moment-rotation
relationships are frequently measured and reported at the locations of beam-to-column
connections, as done in figure 3-17. Here, in light of the specific system behavior observed, it
was also of interest to investigate the moment-rotation hysteresis at a typical location where in-
span plastic hinge occurred. For this purpose, this was done for HBE2 of SPSW-ID, which is the
HBE that developed the largest total rotations at its end [figure 3-17(a)] in the example
considered; its normalized moment-rotation hysteresis at the mid-span (i.e., the location of in-

span plastic hinge) is shown in figure 3-18.

Knowing that significant accumulation of plastic incremental deformations occurred in SPSW-ID,
one might expect disproportionate rotations at the location of in-span plastic hinge. However, the
result presented in figure 3-18 seems to contradict that expectation. Here, after the structure was
pushed cyclically up to a maximum lateral drift of 3%, the total rotations at that hinge location
only reached 0.024 radians (i.e., corresponding to the normalized rotation &6 3 of 0.8). In
reference to the plastic mechanism of SPSW-ID (figure 3-5), the total rotations were expected to
be comparable in magnitude with that of the other plastic hinge at the right end of HBE2, which
in this case was 0.062 radians (i.e., corresponding to a normalized rotation &3 of 2.05). The
flexibility of HBE2 primarily contributed to this phenomenon and difference between actual and
expected rotations. As shown in the figure 3-12(a) for the deformed shape of SPSW-ID, due to
elastic deformations, the slope at the mid-span of HBE2 (the location of in-span plastic hinge)
was relatively small and no obvious “kink” was observed such as illustrated in figure 3-5. This
explains why the cross-section rotation at the mid-span of HBE2 was less than that at the right

end of HBE2.
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FIGURE 3-18 Normalized Moment Rotation Hysteresis at Mid-Span of HBE2 (SPSW-ID)

To verify this, a limited case study was conducted in which rigid members were assigned to all
HBESs except at the location of fiber hinges, while the other analytical model properties remained
the same as presented in Section 2.3. In the SAP2000, the rigid members were modeled by
changing the HBE moment of inertias to be approximately 100 times their actual values. From
this case study, it was verified that the total rotations at the mid-span indeed approached

0.06 radians.

An interesting behavior observed in the “hysteresis curve” of figure 3-18 is its “creeping”
behavior, meaning that the rotation never comes back to zero, unlike what was observed in the
end-span hinges (figure 3-17), but rather gradually increases regardless the direction of the cyclic
pushover displacement. Here, the rotations were 0.002, 0.006, and 0.024 radians at the end of the
1%, 2%, and 3% cycles, respectively. Note that the normalized moment reached a maximum

value of 0.92M,,, shown by the flat line in the curve beyond the 2% drift cycle. This 8% reduction
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of plastic moment capacity was due to the significant axial force developed at the mid-span of
HBE2 (P = 25% P, in this case). Note that a similar behavior was also observed at the locations

of the other in-span plastic hinges in SPSW-ID, but with lesser total rotations.

In an overall perspective, although failures of HBE to VBE connections have been few in SPSW
tested at the time of this writing, these results might also suggest that large drift may translate
into large plastic rotations even for SPSW-CD. However, before mandating the use of SMRF
connection for HBEs to VBEs, it is important to recognize that the plastic rotations demands
observed here were not symmetric, by contrast with moment frame behavior. In other words,
a SPSW-CD HBE rotation demand of +0.0075 to —0.03 radians is less critical than a SMRF beam
rotation demand of +/—0.03 radians. The SPSW-ID HBE rotation demands of 0.0 to 0.06 radians,
however, may approach that of the SMRF. More research may help develop a better

understanding of this acceptable rotation demands in SPSW.

3.5 Summary

An analytical investigation on the seismic behavior of steel plate shear walls having boundary
elements designed by two different philosophies was conducted. The investigation consisted of
monotonic and cyclic pushover analyses. The monotonic pushover analysis has verified that one
possible result of the Indirect Design Approach is that the SPSW-ID developed in-span plastic
hinge on several of its horizontal boundary elements, while the SPSW-CD, designed with the
Capacity Design Approach, only developed plastic hinges at the ends of its horizontal boundary
elements. A sway and beam combined plastic mechanism occurred in SPSW-ID, whereas a sway
plastic mechanism occurred in SPSW-CD. A general equation to calculate the ultimate strength
of both single and multistory SPSW with the sway and beam combined mechanism was
developed using the kinematic method of plastic analysis. In addition, several key behaviors
observed during a cycle by cycle investigation on HBE deformation history under the cyclic

loading were identified.

Using the monotonic and cyclic pushover analyses, significant consequences to having in-span

plastic hinges were identified. It was demonstrated that plastification along HBE spans, such as in
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the case of SPSW-ID, can detrimentally impact behavior of the structure by inducing significant
accumulation of plastic incremental deformations on the HBEs, themselves leading to partial
yielding of the infill plates and correspondingly lower global plastic strength compared to the
values predicted by code equations (i.e., AISC 2010). By comparison, SPSW-CD developed
plastic hinges only at HBE ends together with a completely yielded infill plates (i.e., in
compliance with the behavior expected by the AISC Seismic Provisions 2005), and relatively
smaller vertical displacements along the HBE spans. In addition, plastification along the HBE
span of SPSW-ID caused total (elastic and plastic) rotations greater than 0.03 radians at the ends
of the intermediate and top HBEs (in one case even reaching 0.062 radians) after the structure
was pushed cyclically up to a maximum lateral drift of 3%. Under the same cyclic pushover
displacements, all total rotations in the HBEs of SPSW-CD were less than or equal to 0.03

radians.
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SECTION 4
NONLINEAR TIME HISTORY ANALYSIS

4.1 General

The cyclic pushover analysis in the preceding section has shown that plastification along the
HBE spans of SPSW-ID has significant consequences on the behavior of the structure.
Significant accumulation of plastic incremental deformations was observed on each of its HBE.
As a result, it caused partial yielding of the infill plates and correspondingly lowered global
plastic strength of the SPSW-ID. In addition, the analysis has validated that the SPSW-CD,
which has plastic hinges only at HBE ends, performed better than the SPSW-ID in terms of
completely yielding infill plates (i.e., reaching its global plastic strength) and relatively smaller

vertical displacements along the HBE spans.

While several key seismic behaviors of steel plate shear walls having horizontal boundary
elements designed to have different plastic mechanisms have been discovered through the
incrementally cyclic pushover analysis, conducting time history analysis remains necessary to
investigate whether those previous results would be replicated during earthquakes excitations and
whether additional seismic behaviors for the aforementioned SPSW systems would emerge as
a consequence of the random nature of earthquake records. This verification is also important
given that unstiffened web plates can only yield in tension (i.e. requiring greater drifts to yield

more).

This section describes the nonlinear time history analyses conducted on both SPSW-ID and
SPSW-CD. Performance of both SPSWs is investigated when subjected to synthetic ground
motions, with response spectra scaled to match the design basis earthquake target spectra. In
addition, comparison of results between the previous cyclic pushover analysis and the time
history analyses are presented. Finally, the nonlinear time history analyses are extended to

investigate the performance of both SPSWs under the more severe considered ground motions.
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4.2 Synthetic Ground Motions

Three synthetic time histories of ground acceleration were used as ground motions for conducting
nonlinear time history analyses. These synthetic ground motions were generated by the computer
code TARSCTHS — Target Acceleration Spectra Compatible Time Histories (Papageorgiou et al.,
1999) after providing input data such as target response spectra, moment magnitude of seismic

source (M,,), and site-to-source distance (R).

TARSCTHS-generated strong motions accurately match any user-specified spectra, which allows
to investigate inelastic time-history behavior considering a small number of earthquake
excitations that can simulate with high fidelity the demands anticipated for the specified target
design spectra. Here, the target response spectra was the design response spectra shown in figure
2-1 and generated only up to the period of 2.5 seconds, which corresponded to the largest
possible theoretical value of the fundamental period for the considered SPSWs (it was estimated
for the condition after the infill plates of SPSW-ID have stretched during yielded and thus
stopped contributing to the wall stiffness, and considering only the contribution of the boundary
frames for lateral resistance). The moment magnitudes of the three synthetic ground motions
denoted as SYNTI1, SYNT2, and SYNT3 were 6.5, 7.0, and 7.5, respectively; and the site-to-
source distances were 11, 18, and 25 km for the same respective synthetic ground motions. The
spectral acceleration and synthetic ground motions were generated to last up to 25 seconds, with
about 15 seconds of strong motions, as shown in figure 4-1. Part (a) of that figure presents the
response spectra of these synthetic time histories, showing how closely they matched the design
basis earthquake (DBE) target spectra over the periods of interest. The peak ground accelerations
(PGA) of these synthetic ground motions are 0.51g, 0.63g, and 0.59g for the SYNT1, SYNT2,
and SYNT3, respectively.

4.3 Analysis Results

The HBE maximum and residual vertical deformations of both SPSW-ID and SPSW-CD due to
the synthetic ground motions SYNT1, SYNT2, and SYNT3 are compared in table 4-1. In general,
each synthetic ground motion generates somewhat the same maximum deformation as well as

residual deformation for a given HBE in a given SPSW, but values are smaller for SPSW-CD
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TABLE 4-1 HBE Maximum and Residual Vertical Deformations (DBE Case)

Location of Synthetic SPSW-ID SPSW-CD
HBE Ground 5 Seec 5 Srec
Hetor (im) ) (im) )
SYNTI1 2.7 1.4 0.8 0.3
SYNT2 3.2 2.0 0.9 0.2
HBE3 SYNT3 2.8 1.5 0.6 0.2
Average 2.9 1.6 0.8 0.2
Maximum 3.2 2.0 0.9 0.3
SYNTI 3.0 1.4 1.1 0.3
SYNT2 2.7 1.3 1.1 0.3
HBE2 SYNT3 2.6 1.1 1.0 0.3
Average 2.8 1.3 1.1 0.3
Maximum 3.0 1.4 1.1 0.3
SYNTI 1.4 0.7 0.8 0.4
SYNT2 1.5 0.6 0.9 0.4
HBE1 SYNT3 1.9 0.7 0.8 0.3
Average 1.6 0.7 0.8 0.4
Maximum 1.9 0.7 0.9 0.4
SYNTI 0.8 0.2 0.5 0.2
SYNT2 0.9 0.3 0.4 0.1
HBEO(* SYNT3 1.0 0.4 0.5 0.1
Average 0.9 0.3 0.5 0.1
Maximum 1.0 0.4 0.5 0.2

Note: ¥ Positive (upward) vertical deformation, while all other values are negative (downward)
vertical deformations.
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compared to SPSW-ID. For example, HBE3 maximum deformations for SPSW-ID are 2.7, 3.2,
and 2.8 inches due to the synthetic ground motions SYT1, SYNT2, and SYNTS3, respectively.
For the SPSW-CD, those values are 0.8, 0.9 and 0.6 inches for the same respective synthetic
ground motions. In this example, SYNT2 is the governing ground motion; in other cases however,
SYNTI (e.g., for HBE2) and SYNT3 (e.g., for HBE1) play that role. Hence, to represent the
outcomes of the nonlinear time history analysis for the purpose of verifying the previous cyclic
pushover analysis results, the governing ground motion per the ASCE 7-05 procedure is selected
as being the one that creates the largest vertical deformation (HBE3). Here, it is SYNT2 and the
results obtained from this ground motion on HBE3 (which experienced the largest deformations)

are used predominantly in the following discussion.

Before presenting the comparison results of cyclic pushover and time history analyses,
performance of SPSW-ID and SPSW-CD due to the ground excitation (i.e., SYNT2) is first
compared, as plotted in figure 4-2. The figure shows the complete histories of HBE3 vertical
deformation both for SPSW-ID and SPSW-CD. As previously observed in the case of cyclic
pushover analysis, here in the nonlinear time history analysis, the accumulative plastic
incremental deformation is still observed, with maximum and residual vertical deformations more
apparent on SPSW-ID than on SPSW-CD. For example, when SPSW-CD reached a lateral drift
of 1% for the first time (marked as point A in the figure), the largest HBE3 vertical displacement
recorded was about 0.4 in., while at the same drift, the corresponding displacement for SPSW-ID
(marked as point A’ in the figure) had reached 0.9 in., namely 2.25 larger. Note that in the time
history records, those two conditions did not occurred at the same time (i.e. 1% drift was reached
at different times for different ground motions). As the ground excitation increased and caused a
2% lateral drift on both structures for the first time, the difference between the two became even
greater (i.e., 4 times larger). Here, the largest HBE3 vertical displacements recorded were 0.7 and
2.8 in. for SPSW-CD and SPSW-ID (marked as points B and B’ in the figure), respectively. This
implies that the HBE3 vertical downward displacement for SPSW-ID increased faster than that
for SPSW-CD as the lateral drift increased. Moreover, the same trend was exhibited for the
maximum vertical displacement (0.9 in. vs. versus 3.2 in) as well as the residual vertical
displacement at the end of the record (0.2 in. versus 2.0 in.), for the same respective SPSWs.

Note that the maximum vertical displacements for SPSW-CD and SPSW-ID did not occur at the
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same lateral drift. Figure 4-3 presents the complete histories of each HBE vertical displacement

due to the synthetic ground excitation SYNT2. This information verifies that other HBEs for both

SPSWs also have a behavior similar to that described for HBE3, except at a smaller magnitude.
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FIGURE 4-2 HBE3 Vertical Displacement versus Top Floor Lateral Displacement
Obtained from Time History Analysis (SYNT2)

Figure 4-3 also compares the results obtained from the cyclic pushover analysis (shown by the

lighter color line in the figure up to 2.5% drift). In general, vertical displacements of each HBE

for both SPSWs obtained from both analyses have somewhat the same magnitude, except for

HBE3 of SPSW-ID for which the nonlinear time history analysis gave a greater vertical

displacement. This can be observed graphically at the top-left curve of figure 4-3 where the

nonlinear time history curve is significantly offset from the cyclic pushover curve starting from

about the 1% drift cycle. As numerically compared in table 4-2 for HBE3 of SPSW-ID, the

maximum vertical deformation obtained from the nonlinear time history analysis is 1.8 times
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TABLE 4-2 Comparison of HBE Maximum Vertical Deformation Obtained from
Cyclic Pushover Analysis and Nonlinear Time History Analysis (SYNT2)

. SPSW-ID SPSW-CD
Location of
HBE 6max-CYC1 6max-TH2 6max-CYC1 6max-TH2

(in) (in) (in) (in)
HBE-3 1.8 3.2 0.7 0.9
HBE-2 2.5 2.7 1.1 1.1
HBE-1 1.4 1.5 0.9 0.9
HBE-0 1.0 09 0.6 0.4

Note: " HBE maximum vertical deformation at the corresponding absolute maximum drift (i.e.,
at 2.4% and 2.2% drift for SPSW-ID and SPSW-CD, respectively)

2 Range of drifts (SYNT2): —2.1% to +2.4% (SPSW-ID) and —2.2% to +1.5% (SPSW-CD)

higher than that obtained from the cyclic pushover analysis, while for the other HBEs of both
SPSWs, the magnitudes are relatively similar. Note that, to ensure a consistent comparison,
information in table 4-2 for the cyclic pushover analysis is obtained at the maximum drift that
occurred during the nonlinear time history analysis (i.e., at 2.4% and 2.2% drift for SPSW-ID and
SPSW-CD, respectively). Note that a similar behavior presented here for the case of SYNT2 was
also observed for the case of SYNT1 and SYNT3, although these redundant results are not

presented here.

The nonlinear time history analyses were then extended to investigate the performance of both
SPSWs under the more severe considered ground motions (typically defined by building codes as
the Maximum Considered Earthquake or MCE). Again, the TARSCTHS computer code was used
to generate three synthetic time histories of ground motions, that had moment magnitudes and
site-to-sources distances similar to those in the DBE case but whose response spectra matched the
MCE target spectra (for which vertical ordinates are 1.5 times greater than the DBE target spectra
plotted in figure 2-1). To distinguish from the DBE case, the resulting three synthetic ground
motions are denoted as SYNT4, SYNTS5, and SYNT6. Their PGAs were 0.81g, 0.79g, and 0.82g
for the respective synthetic ground motions. The maximum vertical deformation for each HBE of
both SPSWs is summarized in table 4-3. Here, the governing ground motion is SYNTS, which

created the largest vertical deformation on HBE3.

76



TABLE 4-3 HBE Maximum and Residual Vertical Deformations (MCE Case)

Location of Synthetic SPSW-ID SPSW-CD
HBE Ground 5 Seec 5 Srec
Hetor (im) ) (im) )
SYNT4* 4.8 33 0.9 0.1
SYNT5 5.1 3.6 0.9 ~0.1
HBE3 SYNT6 4.8 33 0.9 0.1
Average 4.9 34 0.9 0.1
Maximum 5.1 3.6 0.9 0.1
SYNT4 3.7 2.0 1.4 0.1
SYNTS 4.6 2.7 1.4 ~0.1
HBE2 SYNT6 3.9 2.1 1.2 0.1
Average 4.1 23 1.3 0.1
Maximum 4.6 2.7 1.4 0.1
SYNT4 2.1 0.6 1.1 0.3
SYNTS 1.9 0.8 1.2 0.3
HBE1 SYNT6 2.1 0.8 1.1 0.2
Average 2.0 0.7 1.1 0.3
Maximum 2.1 0.8 1.2 0.3
SYNT4 1.9 1.0 0.7 0.2
SYNTS 1.5 0.8 0.7 0.2
HBE(" SYNT6 1.8 0.9 0.7 0.1
Average 1.7 0.9 0.7 0.2
Maximum 1.9 1.0 0.7 0.2

Note: ¥ To distinguish from the DBE case, the ID number is intentionally started from 4.

® Positive (upward) vertical deformation, while all other values are negative (downward)
vertical deformations.
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An interesting trend is observed when comparing the HBE vertical deformation results between
the DBE and MCE cases as presented in table 4-4. As the severity of the synthetic ground
motions increases for the MCE case (consequently generating higher lateral drifts on both
SPSWs), HBE vertical deformations of SPSW-ID especially at the top two floors significantly
increased compared to the corresponding magnitudes in the DBE case. For example, HBE3
maximum vertical deformation increased from 3.2 inches in the DBE case to 5.1 inches in the
MCE case. By comparison for SPSW-CD, relatively minor changes occurred with respect to the
magnitude of HBE vertical deformations. Hence, when formation of in-span plastic hinges on
HBEs is possible, such as in the case of SPSW-ID, the greater the severity of the ground
excitations striking the structure, the more accumulation of plastic incremental deformation

observed.

TABLE 4-4 Comparison of HBE Maximum Vertical Deformation Obtained from
Nonlinear Time History Analysis of DBE and MCE Case

SPSW-ID SPSW-CD
Location of
HBE 8max-DBE1 8mm&-MCE2 8max-DBE1 8max-MCE2

(in) (in) (in) (in)
HBE-3 3.2 5.1 0.9 0.9
HBE-2 2.7 4.6 1.1 1.4
HBE-1 1.5 1.9 0.9 1.2
HBE-0 0.9 1.5 0.4 0.7

Note: " Range of drifts (SYNT2): —2.1% to +2.4% (SPSW-ID) and —2.2% to +1.5% (SPSW-CD)
% Range of drifts (SYNT5): —2.7% to +4.0% (SPSW-ID) and —3.4% to +3.2% (SPSW-CD)

Lastly, plastic hinge and strip yielding distributions on SPSW-ID and SPSW-CD due to the
synthetic ground motion SYNT2 are presented in figure 4-4. A similar condition with the one
presented for the cyclic pushover analysis is observed. In-span plastic hinges and partially
yielded infill plates characterize SPSW-ID, while plastic hinges only at the HBE ends and almost
fully yielded infill plates characterize SPSW-CD.
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Legend:
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& | @ = partial plastification | fully plastic in pesitive drift (defined in Section 3.4.1).

@ | @ = partial plastification | fully plastic in negative drift

@ | @ = partial plastification | fully plastic in both directions (positive and negative drifts)
"""""""" = strip yielding (P = P,)

FIGURE 4-4 Plastic Hinge and Strip Yielding Distributions at the end of Nonlinear Time
History Analysis (SYNT2) for (a) SPSW-ID; (b) SPSW-CD

4.4 Summary

Using computer generated synthetic ground motions, a series of nonlinear time history analyses
has been conducted on both SPSW-ID and SPSW-CD. Good agreement between the cyclic
pushover analysis and the nonlinear time history analysis was observed. As previously observed
in the case of cyclic pushover analysis, here in the nonlinear time history analysis, significant

accumulation of plastic incremental deformations were again observed, with maximum and
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residual vertical deformations more apparent on SPSW-ID than on SPSW-CD. In-span plastic
hinges and partially yielded infill plates characterized SPSW-ID, while plastic hinges only at the
HBE ends and fully yielded infill plates characterized SPSW-CD. Moreover, the nonlinear time
history analysis demonstrated that the more severe the ground excitations acting on SPSW-ID,
the more accumulation of plastic incremental deformation developed in the structure, while this

was not the case for SPSW-CD.
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SECTION 5
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 Summary

A case study investigating the seismic behavior of two steel plate shear walls, having boundary
elements designed per two different philosophies, was conducted. A common design approach
encountered in practice, the Indirect Capacity Design Approach, was used to design the first
shear wall (SPSW-ID). This approach does not guarantee that formation of in-span plastic hinges
on horizontal boundary elements will be prevented. The second shear wall (SPSW-CD) was
designed by the Capacity Design Approach which guarantees that plastic hinges can only occur at
the ends of horizontal boundary elements (HBEs). Note that the following conclusions on the
behavior of the SPSW-ID are equally applicable to SPSWs designed by any method for which in-

span hinges is not explicitly prevented.

The investigation consisted of monotonic and cyclic pushover analyses as well as time-history
analyses. Strip models for monotonic pushover analysis and dual strip models for cyclic pushover
analysis and time history analysis were used to represent both SPSWs in the SAP2000 analyses.
The Axial-Hinge and Fiber-Hinge were chosen to define the inelastic behavior of the infill plates
and the boundary elements, respectively. The behavior of steels used was represented by an

idealized elasto-perfectly plastic stress-strain material.

The monotonic pushover analysis has verified that one possible result of the Indirect Design
Approach is that the SPSW-ID developed in-span plastic hinge on several of its horizontal
boundary elements, while the SPSW-CD only developed plastic hinges at the ends of its
horizontal boundary elements. A sway and beam combined plastic mechanism occurred in
SPSW-ID, whereas a sway plastic mechanism occurred in SPSW-CD. A general equation to
calculate the ultimate strength of both single and multistory SPSW with the sway and beam

combined mechanism was developed using the kinematic method of plastic analysis.
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5.2 Conclusions

Using the monotonic and cyclic pushover analyses, significant consequences to having in-span
plastic hinges were identified. It was demonstrated that plastification along HBE spans, such as in
the case of SPSW-ID, can induce significant accumulation of plastic incremental deformations on
the HBEs, themselves leading to partial yielding of the infill plates and correspondingly lower
global plastic strength compared to the values predicted by code equations (i.e., AISC 2010). By
comparison, SPSW-CD developed plastic hinges only at HBE ends together with a completely
yielded infill plates (i.e., in compliance with the behavior expected by the AISC Seismic

Provisions 2005), and relatively smaller vertical displacements along the HBE spans.

In addition, plastification along the HBE span of SPSW-ID caused total (elastic and plastic)
rotations greater than 0.03 radians at the ends of the intermediate and top HBEs (in one case even
reaching 0.062 radians) after the structure was pushed cyclically up to a maximum lateral drift of
3%. Under the same cyclic pushover displacements, all total rotations in the HBEs of SPSW-CD
were less than or equal to 0.03 radians. Note that although these cyclic rotations were still
significantly high in that latter case, they were not symmetric, by contrast with moment frame
behavior. Hence, before amending the use of Ordinary-type connections typically used in SPSW
(AISC 2005) or mandating the use of the special moment resisting frame (SMRF) connection for
HBEs to VBEs, further research is needed to develop a better understanding of the consequence

of these significantly high non-symmetric cyclic rotation demands in SPSW.

A good agreement between the cyclic pushover analysis and the nonlinear time history analysis
was observed. Both analyses showed that in-span plastic hinges and partially yielded infill plates
characterized SPSW-ID, while plastic hinges only at the HBE ends and fully yielded infill plates
characterized SPSW-CD. Moreover, the nonlinear time history analysis demonstrated that
increasing the severity the ground excitations (i.e., from DBE to MCE), accentuated the
accumulation of plastic incremental deformations on the HBEs of SPSW-ID, while this was not

the case for SPSW-CD.
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5.3 Recommendations for Future Research

This report establishes the various potential consequences of in-span hinging, which is an
essential starting point to inform future discussions on the topic, given the observed current
trends in optimizing SPSW design. Future research is needed to assess how the magnitude of the
above consequences varies as a function of various parameters, and investigate if bounds exist
within which the above behaviors are not likely to occur. Such parametric studies could include
various structure configurations (i.e., number of stories, different infill plate aspect ratios and
plate thickness, relative stiffness between anchor beams and intermediate HBEs, etc.); various
kinds of steel models (i.e., incorporate strain hardening, overstrength, material deterioration, etc.);
different level of gravity loads; and various ground motion characteristics and variability. In
addition, experimental verification would be desirable. The results and behavior presented here,
obtained using simple plastic theory (as commonly done in similar studies), provide a first anchor

point from which the effect of multiple other circumstances can be assessed.

Finally, an unanticipated valuable observation of this study was that the cyclic hysteretic
moment-rotation curve of plastic hinges at the ends of HBEs are not symmetric, even in SPSWs
that do not develop in-span hinging (i.e., SPSW-CD). These curves loop with a bias, without sign
reversal of the rotations, resulting in maximum rotations of significant magnitude. Past research
has typically not quantified plastic hinge rotations histories and, in light of the results reported

here, this subject should deserve more attention in future research.
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APPENDIX A

DESIGN CALCULATION OF THREE-STORY STEEL PLATE SHEAR
WALLS USING INDIRECT CAPACITY DESIGN APPROACH

Geometry and Loads
Number of stories

NF : 3 stories
Height of stories
hy:] 3048 120
h, : 3048 mm 120 in.
hy:| 3048 120
Bay width
b, : 6096 mm 240 in.
Story weight
W, : 1564 351.60
W, : 1564  |kN 351.60 |kips
W : 1694 380.83
Total Weight
Wg: 4822 kN 1084.03 kips
Earthquake loads
Location : Downtown San Fransisco, California Ss: 1.7035 g Fa,: 1.0
Type of Soil : D Sy 0.8501 g F,: 1.5
Design Base Earthquake (DBE), plotted in Fig. 1
Sps : 1.136 g Sp1: 0.850 g
Ts: 0.749 sec To: 0.150 sec
Approximate Natural Period
H: 9144 mm 30.0 ft
T,: 0.256 sec
Importance Factor Seismic coeficient
l: 1.0 C,: 0.162 (Assuming Viscous Damping
Response Modification Factor £=5%) FEMA 356
R: 7.0
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Total Base Shear

Vbase :

782.312 kN

175.871

kips

Spectral Acceleration (g)

Fig. 1 Design Spectrum 5% Damping San Fransisco, CA

Period (Sec)

Calculation of earthquake load on every floor

W, 1564
W, 1564 |kN
W, 1694

Floor Height from base
hyo 3048
hyg 6096 mm
h3g 9144

Story Shear
V;, 175.87
V, 147.73(kip
Vs 91.44

Primary Design: Plate

Material Properties

E:

29000 ksi

Therefore:

Earthquake load on every floor

Fi:
F,:
Fs:

Applied Eq.
F 1-hair -
Fo-hair -

Fahar -

A572 Gr. 50 Steel will be used for HBEs and VBEs

Fy:

50 ksi

R, :

90

28.14
56.28
91.44

load both on
14.07
28.14
45.72

kips

left and right side

kips

1.0

FEMA 350



Light Gauge Steel will be used for the web plates

Fop 30 ksi Ry : 1.0 FEMA 350
For preliminary design assume a tension field angle for sizing the web plates
Olassume - 42.882 degree 0.748 radians
Resistance factor for SPSW strength
o: 0.9
Assume the clear distance between panels to be the bay width minus depth of VBE
by, : 20.00 ft 6.096 m
hy, : 10.00 ft 3.048 m
Lot 18.03
Leto : 18.50|ft
Lets 18.67
Plate thickness required Plate thickness provided is assume similar to
treq 0.072 torov 0.072 what was required
0.059(in 0.059(in
0.036 0.036

Primary Design: Boundary Elements
Vertical Boundary Elements (VBE)

Floor 1 2 3
Section | W24x62 | W18X50 | W16X40
Mp (kip-ft) | 642.22 421.11 304.44
Vp (kip-ft) | 305.56 192.22 146.67
A (in%) 18.3 14.7 11.8
d (in) 23.7 18 16
b/2tf 5.97 6.57 6.93
h/tw 49.7 45.2 46.5
e (i) 1560 800 518
Z, (in’) 154 101 73
r, (in) 1.37 1.65 1.57
ry (in) 9.24 7.38 6.63
KL/rx
KL/ry

Column Minimum Inertia criteria
Imin1 © 192.23163 OK
Iminz © 157.32553 OK
Iminz © 96.515191 OK
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Horizontal Boundary Elements (HBE)

Floor 0 1 2 3
Section W24X62 | W12X19 | W12X22 | W16X36
Mp (kip-ft) 642.22 102.89 122.22 266.67
Vp (kip-ft) 305.56 86.00 95.89 141.11
A (in%) 18.3 5.57 6.48 10.6
d (in) 23.7 12.2 12.3 15.9
b/2tf 5.97 5.72 4.74 6.38
h/tw 49.7 46.2 41.8 48.1
| (in®) 1560 130 156 448
Z, (in®) 154 247 29.3 64
ry (in) 1.37 0.822 0.848 1.52
ry (in) 9.24 4.82 4.91 6.51
KL/rx 1.41 2.70 2.65 2.00
KL/ry 7.30 12.17 11.79 6.58
Strip Model Development
Calculation of o for selected Preliminary Shapes
aq:| 0.758 43.418
op:| 0.728 |radians 41.688 |degrees
az | 0.760 43.540
Oae - 0.748 radians 42.882 degrees
OLSAP2000 - 47.118 degrees

Strip model set-up and strip dimensions

L, :
n:
S:
Sx:
Sz:

As :

257.520 in
12 pcs
19.809 in
27.034 in
29.110 in

1.44
1.17
0.72

B-values for strip model

Ve :
Ve :
Vs :

234.494
196.971
121.926

kip

Spasing for corner if needed

9.905 in
13.517 in
14.555 in

Then
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Strip Model Analysis Results (using SAP2000 v.11)

Interstory drift calculation

in

SPSW

H

Al 0.1174
Ay il 0.2597
Az:[ 0.4216
Displacement amplification factor
Cq: 6
Story drift limit
O 0.02
Aa1:| 2.4000
Az 4.8000
Az 7.2000
l: 1.0
Amplified Interstory drift calculation
Asa:l 0.7046
Aol 1.5584
Asn:|l 2.5296

61:
62:
63:

81/_\ .
62A .

83A .

0.117
0.142
0.162

2.400
2.400
2.400

0.7046
0.8538
0.9712

Compactness Check on VBEs and HBEs
Vertical Boundary Elements (VBE)

Floor 1 2 3
Section W24X62 | W18X50 | W16X40
A (in?) 18.3 14.7 11.8
b/2tf 5.97 6.57 6.93
h/tw 49.7 45.20 46.5
Web Criterion for Compactness
P, -291.77 -164.45 -67.34
o*P, 823.5 661.5 531
C, 0.3543 0.2486 0.1268
Aw 53.29 56.14 59.43
Status OK OK OK
Flange Criterion for Compactness
A 7.225 7.225 7.225
Status OK OK OK
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Horizontal Boundary Elements (HBE)

Floor 0 1 2 3
Section W24X62 | W12X19 W12X22 W16X36
A (in®) 18.3 5.57 6.48 10.6
b/2tf 5.97 5.72 4.74 6.38
h/tw 49.7 46.2 41.8 48.1
Web Criterion for Compactness
P, -86.20 32.26 38.35 -50.99
Py 823.5 250.65 291.6 477
C, 0.1046764 | 0.1286894 | 0.1315123 | 0.1069015
A 63.43 59.38 59.30 63.17
Status OK OK OK OK
Flange Criterion for Compactness
As 7.225 7.225 7.225 7.225
Status OK OK OK OK
Consider “acceptable”
for the bottom joint
Strong Column-Weak Beam Check
Location Pu (kip) Z((T(Tp?t/f ) ZZ((;;:?:)/A) (kZir':/l-?t) Ratio | Status
at base left 215.15 23412 234.12 423.50 | 0.553 [NOT OK
right -291.77 180.39| 180.39 423.50 0.426 |NOT OK
at 1st left 129.47 294.21| 480.79 67.93 7.078 OK
115.13 186.58
right -186.17 254.44| 412.79 67.93 6.077 OK
-164.45 158.34
at 2nd left 50.89 223.36| 384.24 80.58 4.769 OK
41.95 160.88
right -84.03 204.39( 352.17 80.58 4.371 OK
-67.34 147.78
at top left 4.97 179.94| 179.94 176.00 1.022 OK
right -12.38 176.12| 176.12 176.00 1.001 OK
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APPENDIX B

DESIGN CALCULATION OF THREE-STORY STEEL PLATE SHEAR
WALLS USING CAPACITY DESIGN APPROACH

Geometry and Loads
Number of stories

NF : 3 stories
Height of stories
hy:[ 3048
hy:[ 3048 |mm
hy:[ 3048
Bay width
b, : 6096 mm
Story weight
W, 1564
W, : 1564  |kN
W, : 1694
Total Weight
W, : 4822 kN

Earthquake loads

120
120 in.
120

240 in.
351.601

351.601 [kips
380.826

1084.0291 kips

Location : Downtown San Fransisco, California Ss: 1.7035 g Fa,: 1.0
Type of Soil : D Sy 0.8501 g F,: 1.5
Design Base Earthquake (DBE), plotted in Fig. 1

Sps : 1.136 g Sp1: 0.850 g

Ts: 0.749 sec To: 0.150 sec
Approximate Natural Period

H: 9144 mm 30.0 ft

T,: 0.256 sec
Importance Factor Seismic coeficient

l: 1.0 C,: 0.162 (Assuming Viscous Damping

Response Modification Factor £=5%) FEMA 356

R: 7.0
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Total Base Shear
Vpase - 782.312 kN 175.871

kips

Fig. 1 Design Spectrum 5% Damping San Fransisco, CA

Spectral Acceleration (g)

Calculation of earthquake load on every floor

W, : 1564 Therefore:
W, : 1564 |kN Earthquake load on every floor
W : 1694 Fi: 28.142
Floor Height from base Fs: 56.284|kips
hi:| 3048 Fj: 91.444
hyg : 6096 [mm
hsg : 9144 Applied Eq. load both on left and right side
Story Shear F 1-hai 14.071
Vil 175.871 Foohalf : 28.142|kips
Vo 147.729]kip Faparf : 45.722
V! 91.444
Primary Design: Plate
Material Properties
E: 29000 ksi
A572 Gr. 50 Steel will be used for HBEs and VBEs
Fy: 50 ksi R, : 1.0
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Light Gauge Steel will be used for the web plates

Fio:

30 ksi

R 1.0 FEMA 350

yp -

For preliminary design assume a tension field angle for sizing the web plates

aassume -

43.991 degree

0.76778 radians (has been updated)

Resistance factor for SPSW strength

Assume the clear distance between panels to be the bay width minus depth of VBE

o: 0.9
b, : 20.00 ft
h,, : 10.00 ft
Lefr 17.94
Leto : 18.48]|ft
Lets 18.60
Plate thickness required
treq - 0.073
0.059(in
0.036

6.096 m
3.048 m

Plate thickness provided is assume similar to
0.072
0.059(in
0.036

torov what is required

Primary Design: Boundary Elements
Vertical Boundary Elements (VBE)

Floor 1 2 3
Section | W24X146 | W18X76 | W16X89
Mp (kip-ft) | 1744.44 | 678.89 733.33
Vp (kip-ft) | 481.11 232.22 264.44
A (in%) 43 22.3 26.4
d (in) 247 18.2 16.8
b/2tf 5.92 6.53 5.92
h/tw 33.2 37.8 25.9
L (in®) 4580 1330 1310
Z (in%) 418 163 177
r, (in) 3.01 2.61 2.48
r, (in) 10.3 7.73 7.05
KL/rx
KL/ry

Column Minimum Inertia criteria
190.97856 OK
Iminz © 157.13478 OK
Iminz © 96.656526 OK

Imin1 :
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Horizontal Boundary Elements (HBE)

Floor 0 1 2 3
Section W24X117 | W12X45 [ W14X61 W18X76
Mp (kip-ft) 1366.67 267.78 425.56 678.89
Vp (kip-ft) 401.11 121.11 156.67 232.22
A (in?) 34.4 13.1 17.9 22.3
d (in) 24.3 12.1 13.9 18.2
b/2tf 6.21 7 6.19 6.53
h/tw 39.2 29.6 30.4 37.8
L (in®) 3540 348 640 1330
Z (in®) 327 64.2 102 163
ry (in) 2.94 1.95 2.45 2.61
ry (in) 10.1 5.15 5.98 7.73
KL/rx 1.29 2.52 2.17 1.68
KL/ry 3.40 5.13 4.08 3.83
Strip Model Development
Calculation of o for selected Preliminary Shapes
aq:| 0.766 43.894
op:| 0.764 |radians 43.772 |degrees
az:| 0.773 44.306
Oae - 0.768 radians 43.991 degrees
OLSAP2000 - 46.009 degrees

Strip model set-up and strip dimensions

L,: 256.014 in
n: 12 pcs Spasing for corner if needed
S: 19.693 in 9.847 in
Sx: 27.373 in 13.686 in
Sz: 28.355 in 14177 in
As:[ 1.418
1.167 in?
0.718
B-values for strip model Then
Vgl 232.380 B, : 1.32
Ve | 196.971 [kip B, : 1.33
Ves:| 121.926 B : 1.33
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Strip Model Analysis Results (using SAP2000 v.11)

Interstory drift calculation

Ayl 0.2527
Ay:l 0.4918
Az:[ 0.7115
Displacement amplification factor
Cy: 6 SPSW
Story drift limit
[ 0.02H
Aa1:| 2.4000
Ago 4.8000
A3 7.2000
I 1.0
Amplified Interstory drift calculation
Al 1.5160
Anil 2.9510
Asp:|  4.2690

8,:| 0253
8,:| 0.239
8;:|  0.220

8. 2.400

8.0  2.400

8.5  2.400

Sia:|  1.5160

S,n:|  1.4350
Ssn:|  1.3180

Compactness Check on VBEs and HBEs
Vertical Boundary Elements (VBE)

Floor 1 2 3
Section W24X146 | W18X76 W16X89
A (in) 43 22.3 26.4
b/2tf 5.92 6.53 5.9