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ABSTRACT

Seismic Performance of Steel Shear Walls with Rectangular Openings

Nozhat Sadat Ghazi Sharyatpanahi

Unstiffened Steel Plate Shear Wall (SPSW) has widely been accepted as an effective
lateral load resisting system for resisting wind and earthquake loads. This system has significant
post-buckling strength, high ductility, stable hysteretic behaviors and robust initial stiffness.
Composite Plate Shear Wall (C-PSW) is also a new form of steel shear wall which has a steel
plate and a layer of reinforced concrete (RC) at one or both sides of the steel plate. The steel
plate and the concrete layer are connected with shear studs to have a complete composite
behavior. C-PSW has some advantages over SPSW such as protection against fire and blast
loading. In addition, the presence of the concrete panel can prevent buckling of the steel plate
and thereby increase the stiffness, shear strength, and energy dissipation capacity of the C-PSW

system in comparison to conventional SPSW system.

Often, SPSWs and C-PSWs need to accommodate large door or window size openings in
the infill plates, such as when SPSWs/C-PSWs are used in the building central cores around the
elevators. Current AISC design standard recommends use of horizontal and vertical local
boundary elements (LBE), in the form of stiffeners, around these large rectangular openings to
anchor the tension field developed in the infill plate. Research on SPSW with stiffened large
openings like door and window sized openings is limited. Also research on C-PSWs with large
openings is still in the initial stage and a significant amount of research is needed before it can be
adopted by the Canadian steel design code. This study presents seismic performance of SPSWs
and C-PSWs with door size openings in the web plate. Nonlinear FE models were developed in
ABAQUS for SPSW and C-PSW with door size openings. The FE models include both material
and geometric nonlinearities. The proposed FE model was validated against available

experimental data. The study describes details of the validation of the finite element model. Two
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multi-storey (3- and 5-storey) SPSWs and C-PSWs were designed following the capacity design
concept and the guidelines of current AISC seismic design standard. The performance of selected
SPSWs and C-PSWs were investigated through conducting a series of time history analysis using
a suite of 8 ground motions that are developed for western Canada and are compatible with
Vancouver design response spectrum. Nonlinear seismic analysis shows that both SPSWs and C-
PSWs with rectangular openings exhibit excellent seismic performance with high ductility and
strength when subjected to strong ground motions. Maximum contribution of various structural
components (i.e., infill plate and boundary members) in resisting applied lateral loads are
calculated from seismic analysis and presented in the study. The maximum interstorey drift is
found to be within the code limit for both systems under all ground motions. It is observed that
the designed stiffeners around the openings are very effective in limiting the in-plane and out-of-
plane deformations around the rectangular openings, especially in the SPSW system and the
presence of these stiffeners do not alter the recommended yielding sequence of the system. In
addition, it is observed that current AISC requirement to attach horizontal and vertical LBE
around rectangular opening of C-PSW is conservative and can be relaxed if the infill plate is

connected with the concrete panel with adequate shear connectors.
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Chapter One

1. Introduction

1.1 General

Steel Plate Shear Wall (SPSW) is a relatively new structural system that turned to a
practical and acceptable lateral load resisting system especially for the seismic applications. The
system has been used in different types of buildings and in different countries like Japan, North

America, and China. SPSW system has been accepted in North American steel design standard.

The conventional steel plate shear wall system consists of stiffened/thick infill plate or
unstiffened steel plate. The unstiffened SPSW is composed of an infill steel plate connected to
boundary beams and columns called Horizontal Boundary Elements(HBE) and Vertical
Boundary Elements(VBE), respectively. Stiffened steel plate shear wall consists of an infill steel

plate connected to the boundary steel frame and is stiffened by vertical and horizontal stiffeners.

Nowadays, steel plate shear wall with thin unstiffened steel plates is preferred. Research
on SPSWs showed that the thin infill plate tends to buckle under small applied lateral load. After
the infill plate is buckled, tension field develops in the infill plate. Thus, in addition to the
bending stiffness provided by the boundary frame, lateral stiffness and strength are provided by

the diagonal tension field generated in the infill plate.

A significant amount of studies showed that SPSW system has many advantages
including of high ductility, large level of energy absorption, initial stiffness, strength, lower
interstorey drift and drift robustness under cyclic loading (Thorburn et al. 1983; Timler nad
Kulak 1983; Tromposch and Kulak 1987; Caccese et al 1993; Driver et al. 1998; Elgaaly an Lui
1997; Rezai 1999; Lubell et al. 2000; Berman and Bruneau 2005; Qu et al. 2008 and Bhowmick
2009, 2010).This system also offers a light-weight structure, decreases foundation cost, increases
floor area, and provides better quality control when compared to a conventional reinforced
concrete shear wall. Despite its advantages, the system suffers from some shortcomings. The
major drawback affecting the cost efficiency of the system is that always large column sections
are required in capacity design process. Because post-buckling of the steel plate due to tension
field creates large lateral forces on the boundary columns and the moment and additional axial

forces are large in the columns of the SPSW. Also, in addition to the need for fire protection like



other steel structural systems, SPSW has a very low out of plane stiffness which is a problem in
the case of impact loading (Ghosh 2010) and the overall buckling of steel plate has negative
impact on the shear strength, stiffness, and energy dissipation capacity of the system (Zhao
2004). Furthermore, large inelastic deformations of the steel plate can cause the connections of

its boundary elements undergo large cyclic rotations and interstorey drifts (Allen 1980).

In order to overcome the shortcomings of the SPSWs the concrete layer was introduced
to SPSW to act as a composite system. This system is called Composite Plate Shear Wall (C-
PSW). C-PSW system is identical with stiffened steel plate in terms of replacing the steel
stiffeners with concrete panel. In this system, a layer of in-situ or pre-cast reinforce concrete is
added to one or both side of the steel plate. To ascertain the complete composite behavior in the
system, the steel plate and the concrete cover are connected by means of bolts or shear studs. The
main role of concrete layer is to prevent steel plate from early shear buckling. This new system
offers advantages in comparison to reinforced concrete shear walls (RC Walls) and SPSWs. A C-
PSW has smaller thickness and less weight in comparison to RC walls with the same shear
capacity which is very beneficial as it provides more usable floor space, smaller foundation and
smaller seismic forces. In construction of C-PSW with pre-cast or cast in place walls, the
reinforced concrete walls can be attached to steel plate at any convenient time during

construction.

Addition of concrete panel will prevent the early local and global buckling of the steel
plate therefore the shear yielding of the steel plate will occur (Astaneh-Asl 2002). Moreover, the
concrete panel increases lateral strength and stiffness of the overall system, provides more
ductile behavior in comparison with the SPSW (Zhao 2004) and acts as fire/explosion protection

and sound and temperature insulation (Astaneh-Asl 2002).

Post-earthquake damage of the C-PSW is limited to shear yielding of steel plates so the
building can continue its complete functionality with a little or without any repair after the

earthquake event (Astaneh-Asl 2002).

While a significant amount of experimental and numerical studies was done on SPSWs,
research on C-PSWs is limited. One important issue with both SPSW and C-PSW is that they
often have to accommodate large openings due to passing utilities or architectural demands like

doors and windows. While few studies are available on circular perforation in SPSW, research



on door and window sized rectangular openings is very limited and to the best of the author’s
knowledge, no study has been done to investigate the behavior of SPSW and C-PSW with large
rectangular openings under real seismic loadings. It is evident that this field of study needs more

research in order to identify the behavior and key parameters for seismic design.
1.2 Objective and Scope

Location and size of openings in steel shear walls can significantly influence stiffness and
strength of the lateral load resisting systems. Current code only provides shear strength equation
for regularly spaced circular perforations in the infill plate of SPSW. Thus, it is important to
investigate the behavior of SPSWs and C-PSWs with large stiffened or unstiffened rectangular
openings in the web of the lateral load resisting systems. Seismic performance of SPSWs and C-
PSWS with large rectangular openings is yet to be investigated. Thus, one of the objectives of
this study is to evaluate seismic performance of SPSW and C-PSW with large openings like
doors. In order to do so, first finite element models with material and geometrical nonlinearities
were developed and validated against experimental studies. The validated FE model is then used
to evaluate seismic performance of SPSW and C-PSW systems with large rectangular openings
by conducting a series of time history analysis. Maximum contributions of various structural
components (i.e., infill plate and boundary members) in resisting applied lateral loads were
obtained. The variation of maximum interstorey drifts in all stories was assessed to be within the

code limits for these systems.

Another objective of this research is to determine the effectiveness of the designed
stiffeners to limit in-plane and out-of-plane deformations around the rectangular openings and
whether presence of opening and stiffeners around the opening alter the yielding sequence of the

systems.

Current AISC recommends the rectangular openings be sufficiently stiffened with
horizontal and vertical local elements having full width and height of the shear wall panel. A
significant amount of stiffeners may need to be welded to meet this requirement and this often
makes the shear wall system quite expensive and less popular to the construction industry. One
of the objectives of this research is to investigate whether we can somewhat relax the

requirement of stiffeners around openings.



1.3 Overview and Organization of Thesis

To achieve the above-mentioned research objectives, a detailed numerical study is carried
out to develop and evaluate the behavior and seismic performance of SPSWs and C-PSWs with

rectangular openings.

In this chapter, an introduction to SPSW and its advantages and drawbacks, an
introduction to C-PSW, why this system is required and how it can solve the drawbacks of the
current SPSW system and its benefits for being used as a lateral load resisting system are

presented. Also the need for the current research and its objectives are described.

To better understand the knowledge gap and gather useful information for the research
objectives, a review of relevant literature is presented in Chapter 2. In chapter 2, extensive
review of experimental and numerical studies conducted on SPSWs is summarized, followed by
studies conducted on C-PSWs. Then, the studies done on SPSWs and C-PSWs with openings are
described.

Chapter 3 presents the FE model developments for SPSW and C-PSW in detail. FE
model validation is also described in this chapter by comparing the results with two experimental

studies of quasi-static cyclic analysis.

Chapter 4 illustrates the design of 3-storey and 5-storey SPSWs and C-PSWs with door
opening. The design approach was based on capacity design approach and AISC Design guide
20. The description of the selected buildings, SPSW and C-PSW design procedure, FE modeling
of these systems, selection and scaling of ground motion records used later for seismic analysis

are also described in this chapter.

Chapter 5 investigates the seismic performance of the selected 3- and 5- storey SPSWs by
conducting a series of time history analysis using a suite of 8 ground motions compatible with
the design response spectrum of Vancouver, Canada. Maximum contributions of structural
components in resisting applied lateral loads are obtained from seismic analysis. Effectiveness of
the designed stiffeners to limit both in-plane and out-of-plane deformations around the
rectangular openings is examined from seismic analysis. Also, whether the use of the local
boundary elements (stiffeners) around the rectangular openings alters the recommended yielding

sequence of the SPSW system is investigated in the chapter.



Chapter 6 describes the performance of selected C-PSWs with door size openings with
and without LBEs around the opening. The performance of selected C-PSWs are further
investigated through conducting a series of time history analysis using a suite of 8 ground
motions that are selected in Chapter 4. Maximum contributions of various structural components
(i.e., infill plate and boundary members) in resisting applied lateral loads are calculated from
seismic analysis. The variation of maximum inter-storey drift in all stories for both multi-storey
C-PSWs is obtained. In addition, the stiffness requirements for the stiffeners around the door

sized openings of C-PSW system are evaluated from nonlinear seismic analysis.

Finally, Chapter 7 summarizes the findings of this thesis and presents the topics and areas

for future research.



Chapter Two

2. Literature review

2.1 Introduction

Steel Plate Shear Wall (SPSW) is a relatively new structural system that turned to a
practical and acceptable lateral load resisting system especially for the seismic applications.
SPSW can be thought of as a girder in which the VBEs are assumed as the girder flanges, infill
steel plate as the girder web and HBEs as stiffeners for the girder web. This system has many
advantages consisting possession of high ductility, large level of energy absorption, initial
stiffness, strength, lower interstorey drift and drift robustness under cyclic loading (Thorburn et
al. 1983, Timler and Kulak 1983, Tromposch and Kulak 1987, Caccese et al. 1993, Driver et al.
1998, Elgaaly and Lui 997, Rezai 1999, Lubell et al. 2000, Berman and Bruneau 2005, Qu et al.
2008, Bhowmick 2009). This system also offers a light-weight structure, speed and simplicity of
construction, decreases foundation cost, increases floor area, and better quality control when

compared to a conventional reinforced concrete shear wall.

C-PSW is composed of the elements of SPSW and reinforced concrete panel. This system
was introduced to overcome the shortcomings of the SPSWs such as the overall buckling of steel

plate.

Several related experimental and numerical studies on SPSW, SPSW with opening, C-

PSW and C-PSW with opening are described in this chapter.
2.2 Selected Studies on Steel Plate Shear Wall (SPSW)

In the early years, the design of SPSW was based on the concept of preventing shear
buckling in the infill plate. So the common applications of the steel plate shear wall system was
with relatively thick plates or closely spaced stiffeners in order to prevent infill plate buckling

until shear yielding capacity of the steel plate.

At that time, stiffeners were favored because high-energy dissipation capacity and
ductility of the system was assured. Takahashi et al. (1973) investigated both steel plate shear

wall and concrete shear wall and concluded that although incorporating stiffeners resulted in
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higher shear strength, stiffness, ductility, and energy-dissipation capacity of the system, the
addition of the stiffeners is a relatively labor-intensive, time-consuming, and costly fabrication
process. Later, by conducting more studies on SPSWs, researchers presented the idea of using
the post-buckling strength of steel plate. Canadian researchers at the University of Alberta for the
first time introduced unstiffened SPSWs with thin infill plate as an acceptable system by
investigating the post-buckling capacity from the diagonal tension field of the infill plates.
Afterwards, and particularly in North America, many researches focused on the post-buckling
behavior of the unstiffened thin steel infill walls. Thorburn et al. (1983), Timler and Kulak
(1983), and Tromposch and Kulak (1987) studied the post-buckling strength of steel plate shear
walls by testing several single and multi-storey steel shear wall specimens without stiffeners
under quasi-static cyclic load. Thorburn et al. (1983) proposed the strip model and an equation
for tension field action which is later modified by Timler and Kulak (1983). Tromposch and
Kulak (1987) conducted parametric studies and depicted that frames with fixed beam-to-column
connections could dissipate as much as three times more energy as that dissipated by frames with

simple beam-to-column connections.

Kulak (1991) and Driver et al. (1998) performed monotonic and cyclic loadings tests on
unstiffened steel shear walls and concluded that this system has good ductility, high lateral
strength and that the absorbed energy increases with deflection. The strip model proposed by
Thorburn et al. (1983) was later improved by some other researchers like Chen (1991), Caccese
et al. (1993), Lubell (1997); Driver et al. (1998a), Elgaaly (1998). Many other researchers such
as Behbahanifard et al. (2003), Berman and Bruneau (2003), Sabouri-Ghomi et al. (2005),
Bhowmick (2009, 2010, 2014), Kharrazi et al. (2010a, 2010b) made significant contributions in
SPSW research.

Berman and Bruneau (2008) introduced a capacity design approach for design of vertical
boundary elements(VBEs) in SPSWs and verified that their proposed approach is more accurate
than other pre-existing approaches (Indirect Capacity Design (ICD) approach and the Combined
Linear Elastic Computer Programs and Capacity Design Concept (LE+CD)). They showed that
their proposed approach predicts the axial loads and moment of VBEs closer to the results of

non-linear static pushover analysis.



2.3 Selected Studies on Steel Plate Shear Wall (SPSW) with opening

Roberts and Sabouri-Ghomi (1991) conducted the first study on unstiffened steel plate
shear panel with and without a central circular opening. They conducted tests on series of
specimens and concluded that strength and stiffness of the specimens with a central circular
opening are decreased by increasing the opening diameter. They also proposed that this reduction
can be conservatively estimated by applying a linear reduction factor to the strength and stiffness

of a similar solid panel.
The proposed strength and stiffness reduction factor for a perforated panel is as follows:

|4

yppref _ Kpres _ 1— 2] 2.1

Vyp K panel d

where Vyppef /Vyp and Kpef /Kpane are the ratios of strength and elastic stiffness,
respectively, of a perforated panel specimen to an identical solid panel specimen, D is the
diameter of the central circular opening and d is the panel depth. Schematic of the test specimen
isdepicted in Figure 2.1.
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Figure 2.1: Detail of panel with center circular opening tested by Roberts and Sabouri-Ghomi
(1991); a) Perforated panel; b) Hinge

Deylami and Daftari (2000) studied the behavior of steel shear wall with large
rectangular opening by analysis of more than 50 models with large rectangular opening in the
center of the panel with finite element method. The opening had only two stiffeners with limited

length on its vertical edges which were not continued across the height of the panel. They came



to this conclusion that introduction of even a relatively small percentage of opening caused an

important reduction in shear capacity. Typical specimen is shown in Figure 2.2.
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Figure 2.2: Typical steel plate shear wall computed by Deylami and Daftari (2000)

Vian and Bruneau, (2004, 2005) analytically and experimentally studied the pattern of
multiple regularly spaced circular perforations in the infill plate and reinforced quarter-circle cut-
outs in the upper corners of the infill plate. They conducted tests on three specimens of steel
panel shear wall under cyclic quasi-static loading. One specimen had a solid panel and the other
two had openings, one with 20 openings of diameters 200 mm and the other with quarter circle
cutouts in the panel corners. The specimens are shown in Figure 2.3. In order to make sure
yielding occurs at optimum locations in beam and infill plate, Vian and Bruneau (2004) used
reduced beam sections for beams at the ends and low yield strength steel infill panels. The results
showed that thin panel with small yield strength reduces the strength though energy dissipation
will start earlier by the panel. Also presence of openings in the panels decreases the stiffness and
strength. Therefore, they concluded that steel plate shear walls with low yield strengths are a
practical choice for resistance against lateral loads during earthquakes and in the circumstances

where steel plates with small yield strength are not available, panels with openings can be used.
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Figure 2.3: Vian and Bruneau (2004) test Specimens with solid panel (right), panel with 20 holes

(center) and panel with cutout on the top corners (left)

Later, Purba and Bruneau (2009) conducted more numerical analysis on the previous
experimental results of Vian and Brneau (2004) and proposed an equation to determine the shear
strength of a perforated infill plate with the specific perforation pattern. They proposed a more
precise reduction factor than what was proposed by Roberts and Sabouri-Ghomi (2000) for

calculating the strength of a perforated panel. The proposed reduction factor is:

Yypwref _ 4 _ o 2

Vyp S diag

2.2

where ais the correction factor, equal to 0.70, D is the diameter of perforations with

equally spaced of diagonal width Sgj,.

According to the researches done by Alinia et al. (2007, 2008) presence of discontinuity
in steel plate tension zones have considerable influence on buckling and post-buckling behavior
of panels. Pellegrino et al. (2009) also investigated the linear and nonlinear behavior of steel
plates with circular and rectangular holes under shear loading and showed that the shear buckling

coefficient is noticeably affected by dimensions of the holes.

Valizadeh et al. (2012) studied cyclic behavior of perforated steel plate shear walls with a
circular opening at the center of the panel, experimentally. Their results showed that the presence
of opening significantly reduces the energy absorption of the system and decreases the initial

stiffness and strength.

Hosseinzadeh and Tehranizadeh (2012) studied the nonlinear behavior of SPSWs with
stiffened large rectangular openings used as windows or doors in buildings. They numerically

analyzed a number of SPSWs with rectangular openings and horizontal and vertical local
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boundary elements (LBE) around the opening and concluded that the behavior of the system was
not affected much by the location, type (window or door) and geometry of the openings. In
addition, creation of opening in SPSWs increased the ultimate strength and stiffness, while it

slightly decreased the ductility ratio.

Bhowmick (2014) examined the seismic behavior of unstiffened thin steel plate shear
walls with circular perforations placed at the center of the infill plates and proposed shear
strength equation for SPSWs with circular perforations at the center based on the finite element

results.

Barkhordari et al. (2014) studied the behavior of SPSWs with rectangular openings
stiffened with LBEs along the full height of the opening. The results showed that introduction of
stiffened openings always decreases the strength of the infill plate, initial stiffness and ductility
of SPSW, while it somewhat increases the frame strength. In addition, they came to the
conclusion that unlike Hosseinzadeh (2012) for the partial-height openings with horizontal and
vertical LBEs, the behavior of SPSWs with stiffened full height openings is affected by the

location and length of the openings.

Sabouri-Ghomi and Mamazizi (2015) evaluated the influence of two openings on the
structural behavior of SPSWs. The spacing of the opening affected the lateral bearing capacity,
stiffness, and energy absorption slightly. Moreover, the presence of opening reduced the values
of these parameters. Figure 2.4 shows the deformed state of specimens for experimental and

numerical models.
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Figure 2.4: Experimental and numerical specimens at the end of the test (Sabouri-Ghomi and

Mamazizi 2015)

Bahrebar et al. (2016) investigated the hysteretic performance of corrugated and
perforated-web SPSWs by finite element analysis. Their results showed that introduction of web
opening can lower the load-bearing capacity of the infill plate and if not detailed properly, it
adversely affects the cyclic performance and energy absorption capability of the system.
Introduction and increasing of the size of the web opening reduces energy dissipation capacity of
the system and the contribution of the infill plate in performance. Therefore, it increases the

overall system demand on the boundary frame members.

Afshari and Gholhaki (2018) evaluated the shear strength of steel plate shear wall with
openings in different locations by finite element method and proposed empirical equation for
calculating the amount of reduction in the shear strength of the wall with arbitrary opening

position in any zone of the plate.
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2.4 Selected Studies on Composite Steel Plate Shear Wall (C-PSW)

Several numerical and experimental researches conducted on composite steel shear walls

are reviewed, followed by a review of research done on C-PSWs containing openings.

In the years of 1998 to 2001 Astaneh-Asl (1998; 2001) analytically and experimentally
investigated the behavior of steel plate shear wall and composite shear wall under cyclic loads.
Results showed that introducing a concrete layer to steel plate causes better stress distribution in

the steel plate and tension field lines occur in a wider region.

Later, Astaneh-Asl et al. (2002) and Zhao and Astaneh-Asl (2004) further studied
composite shear walls and proposed two types of composite shear walls, which are called
“traditional” and “innovative” C-PSWs. The innovative wall had a gap between the reinforced
concrete panel and the boundary frame while in the traditional wall the reinforced concrete panel
is attached to the boundary frame. The study composed of tests on two specimens of '2-scale,
three stories shear wall under cyclic loads. Typical test specimen of the tests is shown in

Figure 2.5 and with more detail in Figure 2.6.

Figure 2.5: Composite Plate Shear wall specimen (Zhao and Astaneh-Asl 2004)
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Figure 2.6: Composite Plate Shear wall specimen and the details of used elements (Zhao and

Astaneh-Asl 2004)

The test results showed that in the innovative system, concrete damage under relatively
large cycles was less in comparison with the traditional system. Both specimens behaved in
ductile manner until the drift angle of 0.05. In 2009, Rahaei and Hatami studied the effects of
bolt spacing on the behavior of the composite steel plate shear wall (C-PSW). Their investigation
consists of analytical and experimental portions. They came to this conclusion that increasing the
distance between bolts up to a certain distance increases ductility and energy absorption capacity
of the system while decreases the out of plane displacement of steel, the maximum normal stress

of the studs and the slope of the load—displacement curve.

Arabzadeh et al. (2011) investigated the behavior of composite steel plate shear walls by
performing experiments on the following parameters: the direction of reinforcement in the
concrete panel, the gap between reinforced concrete and the boundary frame, number of bolts,

thickness of the steel plate and specimen length to width ratio.
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Their tests results showed that by increasing the number of bolts, buckling load of C-
PSW increases and by decreasing bolt spacing, ductility reduces whereas steel plate capacity
increases. If the reinforced concrete panels were used at both sides of the steel plate, strength and

energy dissipation of the system will be enhanced but ductility will be reduced.

Gou et al. (2011) worked on the behavior of steel plate and composite plate walls and
found that not only the majority of the shear is resisted by the steel plate but also framing
members play a great role in carrying the storey shear. They also illustrated that reinforced
concrete panel restrains the overall buckling of the steel plate and so, the energy absorption

capacity and ductility of the composite shear wall are higher than the identical SPSW.

From the most recent studies, Shafaei et al. (2016) have done analytical study on the C-
PSW with concrete panel on one side with gap between concrete panel and the boundary
elements. The aim was to understand the effects of the concrete panel thickness on the behavior
of the C-PSW. They concluded that the concrete panel prevents the steel plate from buckling and
the infill steel plate will resist lateral load by pure shear yield. Moreover, the shear capacity and
the ultimate shear strength enhances by increasing the concrete panel thickness up to a specific

value and exceeding that value will not have any effects on these parameters.

Zhen and Yingshu (2015) experimentally investigated failure mode, shear resistance,
lateral stiffness, and buckling mode of composite shear wall by conducting tests on six
specimens. They used a precast concrete slab to prevent steel plate buckling. They came to the
following conclusions: a) the concrete layer enhances the lateral stiffness and increases the
buckling strength or shear resistance of steel plate so that earthquake-resistant behavior of the
system will be enhanced b) the width-thickness ratio of the steel plate affects the shear-carrying
capacity and failure mode, and c) to prevent boundary failure in the case of low width-thickness

ratio of steel plate adequate bonding is required.

Dey and Bhowmick (2016) conducted nonlinear finite element analysis on a 4-storey and
6-storey composite plate shear wall (C-PSW) and showed that the boundary members and the
reinforced concrete panel carries more shear than what is considered for design of C-PSW in
AISC 341-10. They also indicated that designing the boundary columns according to capacity
design concepts gives similar axial forces and moments as the nonlinear seismic analyses. Also,

they presented a formula for estimating the fundamental period of C-PSW.

15



2.5 Studies on Composite Plate Shear Wall (C-PSW) with opening

In this part, the few studies that were conducted so far on C-PSWs with openings are
reviewed. Shafaei et al. (2017) conducted a study on composite steel plate shear walls with an
unstiffened opening. They numerically investigated the effect of opening with different locations
and different sizes on the behavior of C-PSW. To conduct this study, first they verified their FE
model by comparing the results of their ABAQUS model with the results of previously
experimented C-PSWs and SPSWs including the SPSW specimen (SPSW2) tested by Lubell et
al. (2000) and three C-PSW specimens (a three-storey C-PSW specimen tested by Zhao et al.
(2004) a single-storey C-PSW specimen tested by Arabzedeh et al. (2011), and a single-storey C-
PSW specimen tested by Ayazi et al. (2015). In this study, nonlinear finite element “push-over”
analyses of various single storey C-PSWs and their corresponding SPSWs were conducted.
Abaqus Dynamic/ Explicit solver and displacement-controlled loading procedure were chosen
for push over analysis. Their selection of elements for FE modelling is as following. The infill
steel plate was modeled with shell elements (SR4) and boundary elements were modeled with
solid elements (C3D8R). For C-PSW, they used solid elements (C3D8R) for simulating the
concrete panel. Bolts were modeled with three-dimensional beam elements (B31) and rebar with
2-node three-dimensional truss elements (T3D2). Boundary conditions were selected in a way to
simulate the real conditions in the buildings. For modeling the fixed base, the bottom nodes of
columns (webs and flanges) were fixed and the out of plane displacements of upper beam web

was restrained for simulating the effect of slab.

For investigating the behavior of C-PSW with openings, Shafaei et al. (2017) primarily
compared “Shear load vs. storey drift” and “Tangent stiffness vs storey drift” of the C-PSW, its

corresponding SPSW and the steel frame all without opening. Figure 2.7 depicts the comparison.

0 0.5 | s 2 25 0 05 ! 1s 2 25
(a) Story drift (%) (b) Story drift (%)

Figure 2.7: Comparison of C-PSW, SPSW and steel frame (Shafaei et al. 2017)
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Then, Shear load vs. storey drift of the C-PSW, infill composite wall, SPSW and steel

plate all with and without openings were compared as shown in Figure 2.8.
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Figure 2.8: Curves of comparison between C-PSW and SPSW with and without opening (Shafaei
et al. 2017)

In order to study the effect of opening location on the behavior of C-PSWs and its
corresponding SPSWs, four square openings with sides (as shown with ‘a’ in Figure 2.9) of 500,
1000, 1500, and 2000 mm were selected. Figure 2.9 shows the geometry for FE model of Shafaei
et al. (2017)). It was assumed that while the size of square opening is constant, their locations are
varied; the pattern was repeated with a new square size but with different opening locations,
which are depicted in Figure 2.10. Finally, the initial elastic stiffness, ultimate shear strength,

ductility ratio and energy absorption of these models were compared with each other.
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Figure 2.9: FE model details (Shafaei et al. 2017)
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Figure 2.10: Various opening locations (Shafaei et al. 2017)

For evaluating the influence of the opening size on the behavior of C-PSWs and SPSWs,
circular opening with 12 different diameters was introduced at the center of C-PSWs and its
corresponding SPSWs. Figure 2.11 show the typical model. The initial stiffness, ultimate shear
strength, ductility ratio, and energy absorption of these FE models were compared and formulas
for initial stiffness and the ultimate shear strength of the infill composite wall with a centrally

located opening were presented.
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Figure 2.11: Centrally located opening (Shafaei et al. 2017 )

Using the explained procedure, Shafaei et al. (2017) concluded that C-PSW and SPSW,
with and without an opening, have a completely different behavior. The reinforced concrete
panel in C-PSW with the solid wall and in C-PSW with a square opening prevents global and
local elastic buckling and the first yield in the infill steel plate starts from outside. But in the
SPSW with opening local and global buckling occurs and partial tension fields developed. The
use of reinforced concrete panel in C-PSW makes inelastic out-of-plane deformation of the infill

steel plate considerably lower than its corresponding SPSW.

In C-PSW the location of the opening does not affect the initial stiffness, ductility ratio
and energy absorption of the system, while in SPSW theses parameter are affected by the

location of the opening and if the opening is located on the tension field, the initial stiffness will
have its most decline.

The results from assessing the size of opening are summarized in the following table (Table 1).

19



Table 1: Results from investigation of centrally located circular opening with different diameter

size
Assessed

C-PSW SPSW
parameters

-Linearly reduced as the opening ratio increased -Decreased as the
Initial  elastic openin size

. -Presented relation: pening
stiffness .
increased
Dy (x

Kopening = Kso1i1a(1 — 0.85 Z) )

-Linearly decreased as the opening ratio increased -Decreased as the
Ultimate shear | Presented relation: opening size
strength increased

Dy («
Fuopening = Fusolid(1 - Z) )

-Constant up to the opening ratio (D/L) of 35%, and after | -Immediate

that it begins to decline as the opening ratio increased reduction as the
Ductility ratio | _Ag the opening ratio increased the slope of ductility ratio opening ratio

reduction line of C-PSWs is steeper than its corresponding TGIEEEEE

SPSWs

-Severely reduced as the opening ratio increased -Severely reduced
energy . .
absorption -The reduction is noticeably higher than the corresponding by increasing the

SPSWs opening ratio

) where “K” is the initial elastic stiffness, “F” is ultimate shear strength, “D” is the diameter of

the circular opening and “L” is the length of the plate

Arabzadeh et al. (2017) numerically and experimentally investigated the effects of
opening used as windows or doors in buildings on the Composite Steel Shear Wall (CSSW)
behaviour. The study started with designing CSSWs of a 10- storey building according to AISC
Seismic Provisions (AISC 2005). Then, for numerical investigation ABAQUS/Standard with
implicit approach was used to conduct Eigenvalue and incremental nonlinear pushover analyses.
In order to model the infill plates and boundary frame members, general-purpose four-node

doubly-curved shell element with reduced integration (ABAQUS element S4R) was used. Also,
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eight-node brick element with reduced integration (ABAQUS element C3D8R) was utilized for
modeling the concrete panel. To simulate the existing situation, the bottom layer of numerical
specimens was fixed in all directions as well as the out of plane direction for beam webs. ATC-
24 protocol was used for cyclic loading. Loads were applied along the upper beam. Arabzadeh et
al. (2017) validated their modeling procedure by comparing their pushover analysis with Park et

al. (2007) and cyclic analysis with Sabouri-Ghomi et al. (2012).

In order to assess the effect of opening on shear wall parameters, 4 finite element models
of steel and composite shear wall were built and compared. The models are depicted in

Figure 2.12. The Shear force-displacement curves of the models were obtained.

(a) (b)
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Figure 2.12: FE model details: a) steel shear wall without opening, b) Composite shear wall
without opening, c) steel shear wall containing opining, d) Composite shear wall containing

opening (Arabzadeh et al. 2017 )

Evaluating the behavior of composite shear wall due to location of opening was done by
comparison of pushover curves of 7 finite element models. Figure 2.13 demonstrates the opening

positions of the 7 models.
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As per their design, all the FE model specimens had a steel plate thickness of 3mm and

concrete thickness of 100mm just on one side of the plate.

(a) _ (b)
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Model< - Model-3 . M.
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Model-6  Model-7

L] - - L]

Figure 2.13: a) Location of openings in 7 FE composite shear wall models b) location of opening

in model number 5 (Arabzadeh et al. 2017)

Experimental investigation was done by applying load with a hydraulic jack at the most
upper part of the three constructed specimens. The specimens were a one bay, one storey
composite shear wall with window opening at the center, a one bay, three-storey composite shear
wall with window opening at the top right corner and a one bay, three-storey composite shear
wall with door opening at the bottom right corner. All the specimens were constructed in 1:3
scale. Beam to column connections were rigid and the concrete layer was cast on one side of the
steel plates. Also, Arabzadeh et al. (2017) used a gap between the concrete panel and the

boundary frames to prevent interaction between them. Figure 2.14 shows the specimens.

In conducting the experimental study, Arabzadeh et al. (2017) restrained out-of-plane
displacement by using lateral supports at the level of top storey. The top horizontal displacement
of the specimens was recorded by a number of linear variable displacement transducers (LVDTs)

and used as the displacement control parameter.
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Figure 2.14: Specimens used for the experimental study (Arabzadeh et al. 2017)

Experimental and numerical studies of Arabzadeh et al. (2017) showed good agreement
with each other and therefore, the FE models were demonstrating the real behavior of the
structures. They also concluded that the steel plate shows a better behavior when stiffened by the
concrete panel. Resistance reduction by creating opening in the steel plate shear wall is more
than creating opening in composite shear wall (CSSW) and the CSSW has higher maximum
shear strength and stiffness in comparison to steel shear wall. Their study also showed that

CSSW with and without opening shows equal resistance when placing the studs close together.

Based on the curves obtained from CSSW numerical models with different opening
locations, Arabzadeh et al. (2017) indicated that introducing the opening will decrease the
resistance of composite shear wall but different opening positions do not affect the CSSW’s
initial stiffness. The percentage of resistance reduction in CSSW with opening in comparison
with the same CSSW without opening was 11% when the opening was at the corner and 2%
when it was at the center. Therefore, locating the opening at the sides and corners will cause
more resistance reduction. This is on the contrary with the behavior of steel shear wall Sabouri-
Ghomi et al. (2012) previously presented. Their results showed that steel shear wall resistance

reduction due to opening is more when opening is located at the center.

23



Meghdadaian and Ghalehnovi (2019) conducted research on the effects of openings on
the seismic performance of composite steel plate shear wall (C-PSW) and present methods for
improving its behavior. The study included both numerical and experimental investigations. In
order to verify the experimental procedure, they compared their result to that of obtained by

Arabzadeh et al. (2011).

In order to evaluate the effect of opening and proposing an appropriate method for
improving the negative effect due to opening, two series of C-PSWs with a 2x1.5m rectangular
opening were constructed. The first specimen was a composite shear wall with opening, the
second was composite shear wall with opening and 45-degree rebar at the corners of the opening,
the third was composite shear wall with opening and a steel plate frame around the opening and
the last one was a composite shear wall with opening and both the 45-degree rebar at the corners
and a steel plate frame around the opening. The specimens were named CSWO1, CSWO2,
CSWO3 and CSWO4, respectively, as illustrated in Figure 2.15.

The constructed specimens were laterally loaded according to ATC 24 loading protocol.
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Figure 2.15: Specimens used for experimental investigation (Meghdadaian and Ghalehnovi

2019)

For numerical assessment the same specimens used in the tests were developed in

ABAQUS. Modeling was verified by comparing the results of FE models with that of obtained
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from tests. In modeling the C-PSWs with ABAQUS software, beam, column and concrete cover
were modeled by solid elements (C3D8R), steel plate with shell element (S4R) and bolts with
beam element (B31). The degrees of freedom of the lowest beam were fixed in all directions to

consider the base restrains.

During the study they also investigated the variation of the drift ratio versus the variation
of strengthening steel plate around the opening. The resulted curves are demonstrated in
Figure 2.16. Figure 2.16 shows that the drift of the system could be reduced by thickening the
infill plate and strengthening plate up to certain values but beyond those values they do not

noticeably affect the drift ratio.
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Figure 2.16: Drift ratio vs. steel plate thickness obtained by Meghdadian and Ghalehnovi (2019)

By conducting nonlinear regression on the results of their ABAQUS models,
Meghdadaian and Ghalehnovi (2019) proposed the following empirical relation for the ultimate
strength of C-PSW.

a ﬁb

PUW:Pu(dCA) 23

In this formula” Py "is the ultimate load of composite shear wall with opening, “P," is
the ultimate load of composite shear walls without openings. “a”, “b”, “c” and “d” are unknown
coefficients and powers that were calculated in a way that the average error of each model is

minimized. «, B and A are wall and opening dimensions as depicted in Figure 2.17.
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Figure 2.17: «, B and A definition (Meghdadaian and Ghalehnovi 2019)

Meghdadaian and Ghalehnovi (2019) concluded that presence of opening in C-PSW decreased
the energy absorption and stiffness of the system as well as increasing the displacement. Using
steel frame around the opening and rebar in 45 degrees at the corners of opening decreased the
negative effects by recovering some of the overall stiffness loss and preventing the concrete from
cracking, respectively. It was mentioned that between these two methods utilizing steel plate

around the opening is more effective.

Based on the method used for improving the negative effect of opening, the amounts of
change in stiffness, energy absorption and displacement varied. When no improvement method
was used, presence of opening increased lateral displacement by 45%. When the metal frame
was located around the opening, lateral displacement increased up to 25%. Also, energy
absorption capacity reduced 50% when no improving method was used and it decreased 20%

when the metal frame was used.

The fourth model (combination of 45-degree rebar and steel frame) was found to be the

best method for compensating the negative effect of opening.
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2.6 Summary

Several experimental and numerical research studies were conducted on SPSWs with
openings and limited number on C-PSWs with openings. Results showed that location and size
of openings in theses shear walls can significantly influence stiffness and strength of these lateral
load resisting systems. Often, SPSWs and C-PSWs need to accommodate large door or window
sized openings in the infill plates, such as when SPSWs/C-PSWs are used in the building central
cores around the elevators. Research on SPSWs and C-PSWs with large openings is still in the
initial stage and no study has been done to investigate the behavior of SPSW and C-PSW with
large rectangular openings under real seismic loadings. This research will study seismic

performance of code designed SPSWs and C-PSWs with large rectangular (door sized) openings.
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Chapter Three

3. Finite Element Analysis of Composite Steel Plate Shear Walls

with opening

3.1 Introduction

In this chapter the development of finite element model including selection of analysis
type, element type and material properties are discussed. The boundary condition and initial
considerations are also explained. In modeling the SPSW and C-PSW non-linear properties of

material and geometry nonlinearity were considered and are described in this chapter.

In order to ascertain the accuracy of obtained results from FE models, the results were

verified with the results of Arabzadeh et al. (2017) and Zhao (2004).

3.2 Selection of Finite Element Analysis Technique

The commercially available finite element software ABAQUS (2018) was used to study
the behavior of steel plate and composite steel plate shear walls. ABAQUS is a powerful FE
analysis software that is able to solve extensive range of problems from simple linear analyses to
most challenging nonlinear simulations. The concrete damaged plasticity model exists in this

software is suitable for modeling concrete material (used in C-PSWs) and its nonlinear behavior.

The modeling and analysis technique should be selected carefully in order to minimize
convergence problem and be analytically less expensive. ABAQUS uses implicit or explicit
approach for dynamic integration. Selection between implicit or explicit procedures requires
understanding the characteristics of each procedure. ABAQUS/standard uses an implicit
approach while ABAQUS/explicit uses an explicit formulation for analyzing the simulation.
Implicit and explicit approaches use different methods for solving the nonlinear problems.
ABAQUS/Standard utilizes Newton-Raphson method and combining incremental and iterative
procedures for solving nonlinear problems. In this approach several load increments are made
and approximate equilibrium configuration at the end of each load increment is found. In other

words, calculation of the current time step is based on the results of the previous time step. The
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iterations continue until convergence. This process is based on the equilibrium of the externally
applied loads and the internal structural forces. This method is unconditionally stable and can be

used for large time steps.

Unlike implicit approach ABAQUS/Explicit determines the solution without iterating and
by explicitly using the kinematic conditions at one increment to calculate the kinematic
conditions at the next increment. This means that at the end of each increment the stiffness
matrix is updated and the increment displacement is obtained. With this approach quasi-static
analysis could be performed by proper control of the kinetic energy. In this approach no
convergence and iteration checking is required. The time increment should be small enough in

order to lie on the curve.

In situations that ABAQUS/Explicit can be used to analyze the problem, it is more
attractive because for the same problem it uses much less disk space and memory compared to

ABAQUS/Standard. ABAQUS/Explicit has the capability to analyze the following types of

problems:
o High-speed (short duration) dynamics
o Large, nonlinear, quasi-static analyses
o Highly discontinuous post buckling and collapse simulations
o Coupled temperature-displacement(dynamic)
. Structural acoustic

It should be mentioned that convergence problems can occur in the implicit approach. As
an example, Behbahanifard et al. (2003) experienced convergence problem in their analyses of
SPSW models under quasi-static loading. So they utilized the explicit formulation for their

analysis instead.

Based on the described characteristics of explicit and implicit approaches, the explicit
method was selected for model validation and for nonlinear pushover analyses. But in seismic
analysis, when the full structural system and damping are considered, explicit approach requires
a significant amount of time for analysis, so implicit approach was used instead. Also, for push-

over analysis the displacement-controlled procedure was utilized in this research.
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3.3 Characteristics of the Finite Element Model

3.3.1 Geometry and Initial Conditions

FE model of C-PSW was developed and validated with the experimental studies. Also,
the FE model was used to study the seismic behavior and investigate key seismic parameters of
C-PSW and SPSW with openings. The C-PSW model for validation was developed in a way to
make it as close as to the experimental specimen of Arabzadeh et al. (2017) and Zhao (2004). All

geometrical dimensions of the FE models are the same as the conducted tests.

First, C-PSW without opening was modeled and verified. The specimen was the
experimental model of Zhao et al. (2004), as shown in Figure 2.6. Then, another C-PSW
specimen with a square opening at the center tested by Arabzadeh et al. (2017) was modeled and

verified. The C-PSW specimen was named “S1” in their study.

Both of the specimens used for FE validation had gap between the concrete panel and the
boundary elements. Beam to column connections were fixed and lateral bracing on the beam
level were provided. In the modeling procedure, the bottom nodes of both columns flanges and
webs were prevented from all displacement to simulate the fix support condition. Also, the out-
of-plane displacement of beam webs were restrained, same as what was done in the conducted

tests to replicate the effects of the concrete slab in each storey.

According to Driver et al. (1997), neglecting the fish plate in FE modeling does not affect
the overall behavior of steel plate shear walls. Thus, in the modeling procedure fish plates were
not modeled and the infill steel plate was considered directly connected to the boundary
elements. Also, instead of modeling the shear studs, the concrete panel and the steel plate were
connected together using ABAQUS beam connector. The reinforcement with appropriate
reinforcement ratio was applied as a smeared layer in the concrete shell. In the SPSW, the initial
imperfection was considered for infill steel plates to initiate buckling in the plates and develop

tension fields.

In C-PSW, the contact between the concrete panel and steel plate was just by means of

shear studs and frictionless contact was considered between the steel plate and the concrete
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panel. Other researchers like Rahai and Hatami (2009), Ayazi et al. (2012), Shafaei et al. (2017)
also neglected the friction between the steel infill and the RC panel in their C-PSWs models.

3.3.2 Element Selection

ABAQUS software allows modelling of most engineering materials. Selection of
elements is based on the expected behavior and analysis purposes. The behavior of C-PSW under
lateral loads is yielding of the steel plate in shear and development of tension cracks in concrete

panel.

In this study, shell element type was used for modeling the infill plates, boundary elements and
the concrete panels. The web and flanges of beams and columns, infill plate and concrete panel
were modeled using general-purpose four node doubly-curved shell element with reduced
integration (ABAQUS element S4R). General-purpose elements are free to deform with
transverse shear. If the shell thickness increases, these elements will use thick shell theory. S4R
is a 4-node, quadrilateral, stress/displacement shell element with reduced integration, which has
a large strain formulation and is suitable for finite membrane strains and large rotations. S4R
element forms the element internal force vector just at one integration point which is located at
mid-surface. This element also provides three translations and three rotational degrees of
freedom for every node. Utilizing S4R element is also a good match with the concrete damaged
plasticity model. If the elements are not distorted or loaded in in-plane bending, using reduced
integration method gives reasonably accurate results while reducing the running time noticeably

(ABAQUS manual documentation).
3.3.3 Materials Properties

SPSW is composed of steel material and the C-PSW is composed of steel and concrete

material for which the material properties should be defined in the software.
3.3.3.1 Steel material properties

In order to define steel material, the density, Young’s Modulus, Poisson’s ratio, Yield
stress, plastic strain and hardening type should be introduced into the software. In the validation
process, the quantities of these parameters were defined similar to the values identified by

researchers. In seismic analysis for the selected C-PSWs and SPSWs of this research, the stress-
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strain curves of the conventional structural steel standards ASTM-A36 is used for infill plate and
ASTM-572 for boundary members. In these analyses, the Von-Mises yield criterion and
combined hardening model was adopted. Raleigh proportional damping with a damping ratio of

5% was considered for the seismic analysis.
3.3.3.2 Concrete material properties

Performance of C-PSW highly depends on its reinforced concrete panel. In C-PSW,
diagonal cracks develop in the concrete panel under lateral forces. Therefore, to obtain the
accurate behavior of concrete in C-PSW under dynamic loads, selection of a suitable concrete

constitutive model is required.

Different methods (concrete smeared cracking, cracking model for concrete and concrete
damaged plasticity) exist in ABAQUS for simulating the behavior of concrete material. The
concrete smeared cracking is appropriate for modeling concrete behavior under monotonic
loadings with fairly low confining pressures. The cracking model for concrete can be utilized
when the behavior is dominated by tensile cracking. It models discontinuous brittle behavior in
concrete. The concrete damage plasticity (CDP) which is used herein is an appropriate method
for taking both main two failure mechanisms of concrete into account. The two failure
mechanisms in concrete are tensile cracking and compressive crushing. CDP model is a
continuum, plasticity-based damaged model for concrete. It is able to simulate elastic and plastic
behavior of concrete in tension and compression, irreversible damage when fracture occurs and

stiffness recovery under reverse dynamic loads.

In the validation process, concrete compressive strength (£.) of 25 MPa and 28 MPa
(same values as utilized in the experimental studies) are defined for modeling the specimen of
Arabzadeh et. al (2017) and Zhao et al. (2004), respectively. In models used for seismic
investigations, concrete with compressive strength of 28 MPa is selected. In this study, the
strain-stress curve is calculated based on the proposed method by Hsu and Hsu (1994), which is

described later.
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3.3.4 ABAQUS Concrete damaged plasticity model

One of the strength hypotheses is the Drucker— Prager hypothesis (1952). This hypothesis
has a cone shape failure surface. Drucker— Prager yield criterion is often used for concrete where

both normal and shear stresses can determine failure.

Concrete Damaged Plasticity model (CDP) is the modified form of the Drucker—Prager
strength hypothesis. According to the modifications done by Lubliner (1989), Lee and Fenves
(1998) the shape of failure surface is not necessarily a circle and can be changed by the effect of

another parameter named K, which is described later in the chapter.

The ABAQUS CDP model assumes that the main failure mechanisms of concrete are

crushing in compression and cracking in tension. Two hardening variables namely; tensile

equivalent plastic strain ( éfl) and compressive equivalent plastic strain (551), controls the
evolution of the failure surface. The stiffness degradation in CDP model is initially isotropic and

defined by degradation variable d; in tension region and d. in compression region.

. . . . . . bl
The states of damage are independently characterized using hardening variables &  and

pl

~ Pl . . bl . . . . . pl. .
g . for tension and compression. € is equivalent plastic strains in tension and € _ is equivalent

plastic strains in compression.

Increase in the amount of hardening variables is representative of crushing or cracking in
concrete. The reduction of inelastic stiffness and formation of yield surface is controlled by these
parameters.

3.3.5 Defining Concrete Damage Plasticity parameters in ABAQUS

fbo

In order to model the concrete material using CDP model, dialation angle, Kc,f—,
C

eccentricity, complete mathematical relationships of stress-strain curves in tension and

compression along with their damage curve parameters should be defined in ABAQUS.
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3.3.5.1 K. Parameter:

This parameter defines the ratio of the distances between the hydrostatic axis of
compression meridian and the tension meridian in the deviatoric cross section. A value of 2/3 is

suggested for K, parameter in the CDP model
3.3.5.2 Eccentricity Parameter:

Eccentricity parameter in CDP model is representative of the plastic potential eccentricity
and is used for adjusting the shape of plastic potential surface. This parameter indicates the rate
of approach of the plastic potential hyperbola to its asymptote and has a small positive value.
The value of this parameter can be calculated as a ratio of tensile strength to compressive
strength, as suggested by Jankowiak et al. (2005). If the Eccentricity Parameter is equal to 0, the
surface in the meridional plane is straight line which was the classic Drucker-Prager hypothesis.

CDP model suggests 0.1 as an appropriate value for this parameter.
3.3.5.3 fb() /fCO:

Next parameter that should be defined to the software for modeling the concrete material
is the ratio of fyy /f.o. With this parameter, the state at which the concrete undergoes failure
under biaxial compression is defined. f, (0p) is the biaxial strength and f.q(o.) is the

uniaxial strength. ABAQUS manual suggests 1.16 as a default value for this parameter.
3.3.5.4 Dilation Angle:

In general, Dilatancy is the volume change observed in granular materials when they are
subjected to shear deformations. The value of dialation angle depends on both the type of

material and its application.

For concrete this parameter can be obtained from concrete tri-axial compressive test and
calculated as the ratio of the plastic volume change over plastic shear strain (Vemeer and de
Borst 1984). In concrete the value of this parameter can take any amounts between zero and its

friction angle.

In ABAQUS manual, the value of 15° and 36.31° is recommended for this parameter.
Other researchers suggest various amounts for this value. Lubliner et al. (1989)

recommended 8° — 15°and Lee and Fenves (1998) recommended 34.6° for this value. Also
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earlier an equation was presented by Vemeer and de Borst (1984) for calculation of dilation

angle as follows:

ip 3.1

sin =
b —26,p + &,p

where (3 is the dilation angle, “&,p” is the axial plastic strain increment and “&,p” is the
volumetric increment. Their experimental investigations showed that the dilation angle of

concrete is at least 20° less than its friction angle which will be around 37°.

Later, Syed (2012) validated the proposed equation of Vemeer et al.(1984) and presented
the values of dilations angle as 25° — 35° for concrete with normal weight. Also, they mentioned
that the value of shear strength is affected by dilation angle but at the material level the values of
compressive/tensile strength and strain hardening/softening regions are not dependent to dilation
angle when the dilation angle is between 20° — 55° . In this research, the dilation angle of 31°

was selected in validation, pushover and seismic analysis process.
3.3.5.5 Viscosity parameter

In ABAQUS software, convergence difficulties may happen due to softening behavior of
material models and stiffness degradation. To solve this problem, the viscosity parameter (U)

should be defined. In another words, p is the smallest positive number that can improve the

analysis convergence. In this study, the value of 0.001 is selected for viscosity.

Tension/Compression recovery factor is also required to be defined in the CDP model.
According to Syed (2012)’s investigations, the size and orientation of the loop of the stress-strain
curves are dependent on Tension/Compression recovery factor. Also, the type of material is
reported to be the nature of variation in the loop. But the grade of concrete does not affect the

loop.

Therefore, the default values recommended by ABAQUS (compressive stiffness recovery
factor equal to 1 and tensile stiffness recovery factor equal to 0) are selected for these
parameters. These value are interpreted as full compressive stiffness recovery upon crack closure
when loading changes from tension to compression, and no tension stiffness recovery for the

case of changing loads from compression to tension (when concrete crushing appears).
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3.3.6 Concrete response under uniaxial tension and compression:

The main features of concrete response under tension and compression are described in
this section. Concrete has an elastic linear stress-strain relationship under uniaxial tension until
the stress reaches the failure stress (oy,) which is the state of initiation of micro cracking in
concrete. Exceeding this stress macroscopic micro-cracks start to form with a softening stress-
strain response and induces strain localization in the concrete structure. This trend continues until

the stresses reaches to near zero where the concrete failed.

The response of concrete under uniaxial compression is also linear to the point of initial
yield (o.). Above the ultimate stress (o.,), the concrete shows hardening followed by strain
softening. In ABAQUS, uniaxial stress-strain curve is converted to stress versus plastic-strain

curve.

The relation between stress and cracking strain (§¢¥ ) in uniaxial tension, and stress and
crushing strain (8 ) in uniaxial compression can be determined using uniaxial

tension/compression stress-strain curves.
3.3.6.1 Stress-Strain curve for uniaxial compression

The most accurate method for determining the stress-strain relation for a specific concrete
is to conduct uniaxial compression tests. Figure 3.1 shows stress-strain relation in compression
for CDP model. In CDP model, inelastic strain (§*) should be given as an input data. In order to
determine the inelastic strain values, the elastic part (corresponding to the undamaged material)

is deducted from the total strains of the uniaxial compression test:

sin _ el
€ = & — &)¢ 3.2

where “g” is the inelastic strain, “gf.* is the elastic strain corresponding to the

Oc

undamaged concrete material: e&. = o “g.” 1s the total concrete compressive strain, , "o." is
0

the concrete compressive stress and “E(” is the young modulus.
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Figure 3.1 : stress-strain relation in compression for CDP model, crushing strain (" ) definition
in compression hardening model (ABAQUS user’s manual)

In order to introduce unloading data to ABAQUS CDP model, compressive damage
curves (d, — %) should be provided. Then inelastic strain values were converted to plastic
strain values automatically. The equation used for converting the inelastic strain to plastic strain

1s as follows:

d. 3.3

Oc

(1 _dc) E_O

bl _ in
& = & —

where d, is the damage parameter and is calculated as the ratio of the degraded strength

to the peak strength.

When the calculated plastic strain values are negative and/or decreasing with increasing
inelastic strain ABAQUS gives an error. This situation is most probable when the compressive
damage curves are incorrect. Also in the case of not defining compressive damage ABAQUS

assumes &7 = £I" and the model behaves as a plasticity model.
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3.3.6.2 Concrete constitutive model in compression

As described earlier, concrete response is defined by stress-strain curves. In FE modeling,
for defining nonlinear part of the concrete response mathematical equation is required. Several
equations have been provided by researches such as Hognestad (1951), Smith et al. (1955),
Saenz (1955), Popovics (1973), Yip (1998) and constitutive models of Chang and Mander
(1994), Belarbi and Hsu (1994) and Hsu and Hsu (1994).

In this research the constitutive model presented by Hsu and Hsu (1994) was used to
define the complete concrete stress-strain curve under compression. As reported by Hsu and Hsu
(1994), the formulations can be used to calculate the stress-strain relation for concrete with
compressive strength of up to 62 MPa and above this value some modifications should be done.
The reason for selecting this model was its capability to estimate concrete strains and stresses up
to the complete failure and that the entire relationship could be found with just concrete
compressive strength (f.) value. The stress-strain curve has a linear relation up to the point equal

to 0.5 times of ultimate compressive strength and for the rest of the curve the following formula

is used:
(2) 34
oc = ( EOE ﬁ)fc
ﬁ—l-l'(g)

1 3.5

where f = ————
£

€o Ec
g0 =89x1075f, +2.114 x 1073 3.6
E, = 1.2431 x 10%f, + 3.28312 x 103 3.7

In the above equations, “o.” demonstrates the concrete average compressive stress, ” f.”

b

is the peak compressive stress of the concrete, “g,” is the peak strain at maximum strength, “ €.’
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is the average compressive strain and “E.” is the initial elastic modulus of concrete in

compression and should be inserted in the equation with the unit of Ksi.

The value of concrete compressive strength used for specimen of Arabzadeh et al. (2017)
and Zhao et al. (2004) was 25 MPa and 28 MPa, respectively. These values were used in the
validation process. And for the models used for seismic analysis, concrete with compressive
strength of 28 MPa was selected. The compression hardening and the progressive damage

relations were calculated as expressed in section 3.3.6.1.

Figure 3.2 to Figure 3.5 show the concrete compression hardening and damage parameter

curves calculated based on Hsu and Hsu (1994) constitutive model.
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Figure 3.2 : Concrete compression hardening curve for concrete with compressive strength
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Figure 3.3: Concrete damage parameter values for concrete with compressive strength 25 MPa
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Figure 3.4: Concrete compression hardening curve for concrete with compressive strength 28
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Figure 3.5: Concrete damage parameter values for concrete with compressive strength 28 MPa

3.3.6.3 Stress-Strain curve for uniaxial tension

The cracking strain &% in the CDP model is used to take into account the tension

stiffening phenomenon .Tension Stiffening in reinforced concrete is the increase in stiffness of a
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cracked member due to the development of tensile stresses in the concrete between the cracks.
Therefore, the phenomenon such as aggregate interlocking in a crack and concrete-to-steel
adhesion between cracks should be taken into account. In the tension zone, the tensile stress in
concrete gradually decreases as cracking develops. The strain after cracking is measured as

subtraction of the elastic strain of undamaged material from the total strain.

Figure 3.6 shows the stress-strain relation in tension for CDP model. The parameters that
should be provided to the software to simulate the tensile behavior of reinforced concrete are
young’s modulus ( E,), tensile stresses and their corresponding cracking strains (o, — &X) and
tensile damage curves (d, — &) calculated using concrete constitutive model for the selected

concrete grade. X is defined as follows:

=ck _ el 3.8

& = & — &t

gel = ot 3.9
E;

where ‘E¢K° is the cracking strain, ‘e
t ) t

2

is the total concrete tensile strain, ‘€§y’ is the
elastic strain corresponding to undamaged concrete material and ‘o’ is the concrete tensile

stress.

ABAQUS necessitates choosing o = % so that the numerical problems are prevented.

42



Gy

- -
-

- - "l|
=k o E:
€ Eqr

b=

- I

EJ:‘ l::

Figure 3.6 : Stress-strain relation in tension for CDP model, cracking strain (6% ) definition in

tension stiffening model (ABAQUS user’s manual)

For simulating the unloading, damage parameters (d;) along with their corresponding
cracking strains(8¢¥) should be defined in the software. Using these parameters ABAQUS

calculates plastic strain values with the following equation:

&Pl _ xck _ _dt O
& =& ——— 3.10
t t 1-d, Eq

The damage parameter (d;) is calculated as the ratio of degraded strength to the peak

strength (1 — fi—i). Where “f..” is the peak concrete tensile stress.

All the required parameter mentioned above for taking into account tension stiffening,
strain-softening and interaction of reinforcement with concrete were provided to the software

using the selected concrete constitutive model which is described in the next section.
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3.3.6.4 Concrete constitutive model in tension

In order to provide the tensile stress-strain curve, similar to Figure 3.6, the concrete
constitutive model of Belarbi and Hsu (1994) was selected. They presented constitutive models
for average tensile stress strain relation for the reinforced concrete by conducting experiments on
reinforced concrete panels subjected to normal stresses. Their proposed model was also validated
later by other researchers like Pang and Hsu (1995), Hsu and Zhang (1996), Mansour, Lee and
Hsu, (2001), Hsu and Zhu (2002). The proposed method is described below.

For & < &y o = Ece. 3.1
F > € 3.2
or Ec = Eqr o, = ﬁ:r(f)OA-
Where:

. 33
E; = 3875\//:6 (Mpa)

. 3.4
for =031 |f.

£ = 0.00008

where “g.” is the concrete strain, “e..” is concrete strain at the peak tensile stress,” o,” is
the average concrete tensile stress, E;” is the initial young’s modulus for the average stress-strain

relation, “f..” is the peak concrete tensile stress and “f.” is the concrete compressive strength.

The stress-strain curve obtained using these expressions increases linearly until the peak
tensile stress where is the onset of micro cracking and after that point it has a reduction with the
power of 0.4. As it was mentioned earlier, concrete with compressive strengths of 25 and 28
MPa are selected in this study. Then, the cracking strains, tensile stresses vs. cracking strain
curve and tensile damage curve were calculated, as described in the current and previous sections

(3.3.6.2). The tension stiffening and damage curve are shown in Figure 3.7 to Figure 3.10.

ABAQUS suggests that the total value of concrete tensile strain for the zero tensile stress

be equal 0.001. The Belarbi and Hsu (1994) concrete constitutive model does not provide strain
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value for zero tensile stress. On the other hand, according to Chang and Mander (1994) concrete
constitutive model, zero tensile stress can be assumed for concrete when the tensile strain
becomes equal to cracking strain. Therefore, in this study the value of 0.001 was selected as the

concrete strain for tensile failure.
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Figure 3.7: Concrete tension stiffening curve for concrete with compressive strength 25 MPa
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Figure 3.8: Concrete damage parameter values for concrete with tension strength 25 MPa
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Figure 3.9: Concrete tension stiffening curve for concrete with compressive strength 28 MPa
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Figure 3.10: Concrete damage parameter values for concrete with tension strength 28 MPa
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3.4 Validation of the finite element model

First, finite element model of C-PSW without opening was developed in ABAQUS and
validated. The selected specimen was the “specimen one” tested by Zhao et al. (2004). Then,
experimental C-PSW specimen of Arabzadeh et al. (2017) which had opening in the plate was
developed and validated. Validation was done by obtaining the pushover curves of these models

and comparing the results with the conducted tests.

3.4.1 Validation for Zhao et al. (2004) Specimen

Zhao et al. (2004) conducted cyclic tests on two half scale specimens. The specimens
have steel plates with yield stress of 305 MPa and steel boundary frames with yield stress of 370
MPa. The concrete has compressive strength of 28 MPa. The concrete panel was used on one
side of the specimens and connected to the steel plate with bolts. The steel plates were first
bolted to the fish plates and then shop-welded to the surrounding boundary frame. The moment
connections were used for connecting beams and columns. The boundary condition was provided
in the test in a way that simulates the real condition of C-PSW in the building. The cyclic load
was applied at the top of the specimen. Local and global displacements were recorded using a
number of Linear Variable Displacement Transducers (LVDT). The selected specimen for
validation is the specimen one which has a 32 mm gap between reinforced concrete panel and the

steel boundary frames, as shown in Figure 2.6.

The developed FE model had the same material properties, dimensions and boundary
conditions as the conducted test. In order to obtain the pushover curve, the FE model was pushed
up to the same drift value as was applied in the test. The selected elements and other criteria used

in the FE modeling are explained before.

Figure 3.11 and Figure 3.12 show the FE model and comparison of the results. Finite element
analysis (FEA) showed a very good agreement with the test results. The figure indicates that the
finite element model predicts the initial stiffness and the ultimate capacity of the specimen very
well. The small difference between the FE analysis and the test may be due to the difference in
the way of application of displacement in the experiment and in the FE model. This also can be

the result of the small differences in the actual experimental specimen with its associated set up
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and that of the FE model like shear studs used in the actual experiment for connecting the

concrete panel with steel plate that was modeled with bolt connectors in the FE model or the fish
plates that were ignored in the FE model.

Figure 3.11: Developed FE model of Zhao et al (2004)
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Figure 3.12: Validation of FE model; comparison of pushover analysis with test result of

Zhao et al. (2004)
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3.4.2 Validation for Arabzadeh et al. (2017) Specimen

Arabzadeh et al (2017) conducted a one storey C-PSW specimen with a rectangular
window opening at the center. Fixed beam to column connections were provided by groove
welding. Also, the connection of steel plate to the boundary frame was with fish plates. The steel
plate was welded to the fish plate and the fish plate to the boundary frame. The specimen had
reinforced concrete layer at one side of the steel plate and bolts were used for connecting the
concrete panel to the steel plate. A gap of 50mm was present between the concrete panel and the

boundary frames. Concrete with compressive strength of 25 MPa was used in the test.

Lateral bracings were provided on the beam level to prevent out of plane displacement.
Yield strength for the columns and beams flanges, columns and beams webs were 280.2 and
339.18 MPa, respectively. Also yield strength of the steel plate was 237.08 MPa. The one storey
specimen named specimen “S1” was used for FE validation. The schematic of specimen is

illustrated in Figure 3.13.
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Figure 3.13: Specimen S1 used by Arabzadeh et al. (2017)

The FE model was developed with same dimensions, material properties and boundary
conditions as it was reported in the tests. The FE model is depicted inFigure 3.14. A nonlinear

push over and cyclic analysis was conducted on the FE model. In order to obtain the push over
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curve, similar to the displacement loading applied to the top beam in the test, the FE model was
pushed up to the maximum displacement occurred in the test. The base reaction was then read.
Finally, the base reaction-top displacement curve was compared with the envelope of the
hysteresis curves obtained from the physical test, which is shown in Figure 3.15. Also, cyclic
analysis was conducted and compared with the results of physical test. Finite element analysis
(FEA) showed an excellent agreement in initial stiffness and the peak capacity of the test

specimen was overestimated by about 6.5%.

Figure 3.14: Developed FE model of Arabzadeh et al.(2017); Meshed geometry (left), schematic

view (right)
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Figure 3.15: Validation of FE model; comparison of pushover analysis (right) and hysteresis

curves (left) with test result of Arabzadeh et al. (2017)
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Chapter Four

4. Selection and Seismic Design of SPSWs and C-PSWs

4.1 Introduction

In this chapter 3- storey and 5- storey SPSWs and C-PSWs are selected and designed
based on the Capacity design concept. The description of the selected buildings, SPSW and C-
PSW design procedure, FE modeling of these systems, selection and scaling of ground motion

records used later for seismic analysis are also described in this chapter.

4.2 Description of the selected Building

Two identical hypothetical buildings one with C-PSWs and one with SPSWs were
designed. The C-PSWs and SPSWs were modeled to evaluate the performance of these systems.
The buildings were located in Vancouver and have identical plans. The plan view of the
buildings containing beams, columns and SPSWs or C-PSWs are illustrated in Figure 4.1. The
total area of the building was 2160(m?). The buildings were located in very dense soil and have
site class “C” according to NBC 2015. As shown in Figure 4.1 the building is symmetrical and
has four identical SPSWs/C-PSWs in each direction. So each SPSW/C-PSW was assumed to
resist one-fourth of the design seismic loads in each direction. The selected SPSWs/C-PSWs had
a span length of 5 meter and a storey height of 4 meter. Therefore, the SPSW/C-PSW has an
aspect ratio of 1.25. The 3-storey building has a total height of 12 m and the 5-storey building
has a total height of 20m. The elevation view of the selected SPSW/C-PSW is shown in
Figure 4.2. The buildings had dead load of 4.5 (kPa) for each floor and 2.5 (kPa) for the roof and
the live load of 2.4 (kPa) for each floor and snow load for the roof. Live load reduction factors
were considered for column design. Beams, columns and local boundary elements of SPSW/C-
PSW had the yield strength of 370 MPa and the infill steel plates had the yield strength of 305
MPa. The modulus of elasticity and Poisson ratio were taken as 200 GPa and 0.3 for all steel
members, respectively. Horizontal boundary elements (HBEs), Vertical Boundary Elements
(VBESs) and local boundary elements (LBEs) used around the opening of SPSWs/C-PSWs were

connected using moment resisting connections and the VBE were connected to the adjacent
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beams with pin connections. The base of the building was pinned to the ground. In the building
with C-PSWs, the concrete panel was attached to the steel plate with 13 mm diameter A325
bolts. According to NBC 2015, the load combination of 1.0D+0.5L+1.0E was considered for
each floor and 1.0D+0.25S+1.0E for the roof (where D is the dead load, L is the live load, E is
the earthquake load and S is the snow load).
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Figure 4.1: Plan view of the selected building
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Figure 4.2: Elevation view of the selected shear walls
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4.3 Seismic design of SPSW/C-PSW

In order to design the SPSW/C-PSW, first the amount of lateral forces applied to the
building at each storey should be defined. Therefore, base shear calculation and distribution at
each storey was done using the equivalent static force method according to NBC 2015. The

design base shear was calculated as follows (NBCC 2015):

_ S(T)MyIgW
V= Ra4Ro 4.1
SQ.O)MyIgW
Vinin = Rd—RoE 4.2
s,
— dRo
Vinax = Max 5(0.5)IgW 4.3
R4Ro

where S(T,) is the design spectral acceleration, T, is the fundamental period of the structure and

is equal to 0.05(hn)3/4 for shear walls, where h,, is the height of the shear wall , M, is an
amplification factor for consideration of higher mode effects on the base shear, Igis the
importance factor for earthquake loads and effects, W is the seismic weight of the building and
according to NBC 2015, 100% dead load, 25% snow load , 60% of storage and 100% of contents
of any tanks should be considered for seismic weight calculations, R; is ductility related force
modification factor which in this case was equal to 5.0. R, is the over strength factor and was

equal to 1.6.

The distribution of base shear in each level is as follows:

thx
I wih;

F, =V —F) 4.4

where F; is extra concentrated load at the top of the structure and if T, > 0.7(sec) then
F. = 0.07T,V < 0.25V; otherwise, T, = 0. Wy, W; are the portion of “W” which are located at

the level x or i and hy, h; are the heights above the base to the level x or i.

SPSWs were designed according to capacity design concept. The capacity design concept

indicates that the boundary elements are designed in a way that the steel plate can reach its full
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capacity. Also in the design procedure it is assumed that all the shear in going to be resisted by

the steel plate. The factored shear resistance of the infill steel plate “l}.” is given as:
V. = 0.42 @E,t,, L sin 2a 4.5

where Fy is the steel plate yield strength, ¢, is the thickness of the infill steel plate, L is

the distance between vertical member centerline, a is the angle of tension field calculated as

follows:
twl
. 145
tan®*a = 3 4.6
1+twh[A_b+—3GOIcL]

where “h” is the distance between horizontal member center-lines, A; and A, are average cross-
sectional area of the horizontal and vertical boundary elements around the steel plate,

respectively, I is the average moment of inertia of the vertical members bounding the panel.

In the case of having opening, the web plate shear strength above the opening is given by:

Vi = @0.42Ft[L; sin(2ay) + L sin(2a;) + L3 sin(2a3)] 4.7
And the web plate shear strength at the level of opening is:

Vi = @0.42Ft,[L; sin(2a,) + L sin(2as)] 4.8
where ¢ = 0.9 in LRFD design; a is the tension field angle for each panel, t;and t, are the
thickness of infill steel plate above and at the level of the opening, respectively. All other

parameters are shown in Figure 4.3.
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Figure 4.3: Definition of parameters of equation 4.7 and 4.8
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The concept behind C-PSW system is that the concrete panel provides enough lateral
stiffness for the steel plate to reach its shear yield strength. According to this concept and
AISC341-16, the shear strength of concrete was not considered for design and all the shear was

assumed to be resisted by the steel plates.

In this study and in the absence of proper design guidelines for C-PSWs in the Canadian
design standard, the SPSW was designed according to capacity design concept and the concrete
panels were designed according to AISC 341-16. The capacity design concept requires that the

boundary elements be designed in a way that the steel plate can reach its full capacity.

According to AISC 341-16, the concrete panel thickness should be a minimum of 100
mm on each side when concrete is provided on both sides of the steel plate and a minimum of
200 mm when concrete is provided on one side of the steel plate. The reinforcement ratio in both
directions should not be less than 0.0025 and maximum bar spacing should not exceed 450 mm.
Therefore, according to calculations and AISC recommendations, the concrete thickness of
200mm and reinforcement ratio not less than of 0.0025 with spacing within the allowable range
was selected. The C-PSW was selected to have a 45 mm gap between the concrete panels and the
boundary elements. The system was the “innovative C-PSW” introduced as the better C-PSW
system by Astaneh Asl (2002). This system was selected so that the boundary elements do not
impose additional forces on the concrete panels and the degree of damage to the concrete panels

remains limited.

In a C-PSW, as the concrete panel stiffens the steel plate it is desired that the steel plate
resists the storey shears by yielding in shear. So, the expected strength of the stiffened steel plate

in shear is given as:
Vns(exp) = 0.6RyFyASp 49

where Ry is the ratio of the expected yield stress to the specified minimum yield stress, Fy, is the

steel yield strength and Agp, is horizontal area of the stiffened steel plate (t,, * L).

The factored design shear strength of the infill steel plate is:

V = @V, = @0.6R,F A, 4.10
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where @ is equal to 0.9 for LRFD design.

The infill plate should resist the storey shear calculated by NBC 2015. So, the thickness

of the steel plate can be calculated using equation (4.10)

In the case opening in the web, the web plate shear strength above the opening is given by:

Vo = @0.6Ft[L; sin(20) + L; sin(2a;) + L sin(2a3)] 4.11
And the web plate shear strength at the level of opening is:

Vo = @0.6F,t,[L, sin(2ay,) + L sin(2as)] 4.12
All the parameters were defined earlier.

The horizontal boundary elements (HBEs) and vertical boundary elements (VBEs) should
be designed to remain essentially elastic under the maximum forces that can be generated by the
fully yielded steel webs. Based on this philosophy and according to Berman and Bruneau (2008)
and CSA S16-14, boundary elements were designed to develop the full capacity of the infill
plates.

In the SPSWs and C-PSWs, lateral forces are resisted and transferred through steel plate
tension field action and tension and compression in columns. When shear force applies on steel
plate, tension fields with a specific angle occur. The uniform distributed forces from steel plate

tension field action on boundary elements are as follows:

Wyei = Eyptyi(sina)? 4.13
Wy = 0.5 E,pty,; sin(2a) 4.14
Wypi = 0.5 Bty sin(2a) 4.15
Wyei = Eptyi(cos a)? 4.16

where w,; is the horizontal and w,,; is the vertical distributed forces on the column due to
tension field action of the steel plate, F,,is the yield strength of the steel plate, t,,; is the steel
plate thickness, a is the angle of tension field, w,y,;and wy,;are horizontal and vertical distributed

forces on the boundary beams due to tension in the steel plate, respectively.
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HBEs and HVEs were designed based on these distributed forces and the free body force

analysis shown in Figure 4.4 and Figure 4.5.
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Figure 4.4: Free body diagram of VBE members (Berman and Bruneau 2008)

Figure 4.5: Free body diagram of intermediate HBE members (Qu and Bruneau 2010)
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To ensure that the boundary beams and columns have adequate stiffness to provide
uniform tension field in the infill steel, CAN/CSA S16-14 recommends that the HBES and VBEs

satisty the following equations:

0.0031t,, hs

I > 2 4.17
twl?*
I, >—Y
@ 650L—(%) 4.18
4
Iy = —2t 4.19

twh¥
267L—(%)
Cc

where I, is the moment of inertia of the column cross-section, t, is the infill steel plate
thickness, hgis the storey height, L is the bay width, I;;, is the moment of inertia of the HBE
above the steel plate and I, is the moment of inertia of the HBE located on the bottom of the

steel plate.

For determining the shear stud spacing, the C-PSW can be considered as stiffened steel
plate where the concrete has the role of stiffeners along the vertical and horizontal shear stud
lines. The role of the concrete, same as stiffeners, was to prevent the steel plate from global

buckling and let the steel plate to yield before buckling.

The critical shear buckling stress of a plate subjected to pure shear is calculated by the

following equation:

S Kqm?E
r  12(1-v?)

twy2
) 4.20

where Kj; is the critical stress coefficient, E is the modulus of elasticity for steel plate, v is the

Poisson ratio of steel plate, t,, is the steel plate thickness and b is the steel plate width.

K, is calculated according to Alinia et al. (2009) by the following equation:
Kg =5.34 + é 421

where ¢ is the aspect ratio of two sides of the panel whichever is greater.
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According to AISC341-16, the concrete-steel composite panel should be stiff enough to
avoid overall buckling. Therefore, the concrete thickness should be enough to provide stiffness
for the steel plate to yield before buckling. In order to satisfy this criterion, the concrete panel
can be transformed to horizontal and vertical equivalent steel stiffeners and the required shear
stud spacing and concrete thickness can be calculated according to the elastic buckling theory of

orthotropic plates. Thus, the shear stud spacing is calculated as follows:
Ter 2 Ty 4.22
where 7., and 7,, are:

_ Kgm?E

twy2
Teor = oo ) 4.23

4.24

F.
T, ==
V3

where “c” is the shear stud spacing in each direction. Other parameters were described earlier.

For the selected C-PSWs with steel plate thickness 2mm , F; = 305MPa and

transforming the concrete to the equivalent steel stiffeners with same spacing in both horizontal

and vertical directions the shear stud spacing of 180mm was selected.

Adequate concrete thickness can be calculated with the exact solutions obtained by
Seydel (1933) for long orthotropic simply supported plates in shear. The shear stress for closely
spaced stiffeners is as following:

_ ngnz
Tcrg a4zt

(D) /+(Dy) "/ 425

where Kg, is the global buckling factor and has the minimum value of 3.64 for pinned
connection of plate to frame and 6.9 for the rigid connection of plate to frame, Dy and Dy, are the
flexural stiffness for bending about x and y axis, respectively and are calculated as:

Elyx Et3

Dy = cx  12(1-v2)

4.26
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p, =y _E
Yooy | 121-v3)

4.27

Iy and Iy, are the moment of inertia about the x and y axis, cyand cy, are center to center distances

of shear studs in the x and y directions, respectively.

To avoid global buckling before local buckling, T¢ should be greater that t¢. Thus, by

considering that the stiffeners are equally spaced and have the same moment of inertia in both

directions, v = 0.3 and n = E—S the minimum required concrete panel thickness will be:

C

1/
h> 0.65t, (Kz_hzn _ 2) 3 4.28
KsgcD D

where h is the minimum required concrete panel thickness, D is the shear stud diameter and other

parameters are defined earlier.

For the selected C-PSWs in this study, a value of 3.64 was conservatively used for
Kgand shear studs of A325 with diameter 13mm were used. Finally, with the calculations and
according to limitation of AISC 314-16 for concrete thickness, the concrete panel with thickness

of 200mm was selected.
4.3.1 Design of Local Boundary Elements (LBEs)

According to AISC341-16, boundary members shall be provided around openings in steel
plate and composite steel plate shear wall webs with openings to anchor the web plate tension
unless tests justified the use of unreinforced openings. The design of these local boundary
elements (LBEs) were done according to AISC Design Guide 20. The web plate located on either
sides of the opening must be selected thicker to provide the stiffness and strength equal to solid
panel without opening. As the same total area of web plate will produce similar stiffness and

strength, the thickness of the web plate on either side of opening is calculated as:

tz = tl( LCf ) 429

Li+L3
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where t, is the thickness of steel plate on either side of opening, t; is the thickness of the steel
plate without an opening, L.fis the clear distance between the VBE flanges, Ljand Lj are the

width of steel plate on either side of the opening, as shown in Figure 4.6.
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Figure 4.6: Definition of parameters in Equation 4.29 (AISC Design Guide 20)

The LBEs were designed based on the required strength. The horizontal LBEs were
designed individually and were supported by vertical LBEs in out of plane direction. The vertical
LBEs were designed with an unbraced length equal to storey height. The vertical LBEs should
provide adequate bracing for compression forces in HBEs so “nodal bracing” conditions should

be satisfied for these elements according to AISC 360.

According to AISC Design guide 20, reaction forces of vertical LBEs will add to the
shear of HBEs. The HBE sections should be checked to be able to resist this additional shear.
Figure 4.7 shows the forces from LBE acting on HBE for the top floor.

VBE sections should be checked for the forces applied on VBEs due to steel plate

tension field action and reactions from LBEs, as shown in Figure 4.8.
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Figure 4.8: Forces on the VBEs (AISC design guide 20)

4.4 Selection of SPSWs and C-PSWs

Based on NBC 2015, the equivalent static lateral forces were determined for the
described 3-storey and 5-storey buildings. Table 4.1 shows the estimated equivalent lateral forces
for the two buildings. A 2 mm infill plate was selected as a minimum practical thickness for

welding and handling for both 3-storey and 5-storey buildings above the level of opening and 2.9
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mm at the level of opening. However, by calculation smaller thickness was also sufficient for
these structures. As mentioned before, boundary beams and columns were designed according to
the Canadian steel design standard CAN/CSA S16-14, Berman and Bruneau (2008) and Qu and
Bruneau (2010). As the HBEs had axial forces, reduced plastic moment was used in HBE design
and also columns were designed to take the reduced plastic moments from beams. All the HBEs
and VBEs were designed as beam-column members. Consistent column sections from bottom to
the top of the buildings were selected. W360X592 was used for the VBEs of the 3-storey
building and W360X744 was chosen for VBEs of the 5-storey building. The top and bottom
HBEs had larger sections due to uniform distributed yield forces from infill plates on one side;
however, the intermediate HBEs had smaller sections as yield forces from the infill plate of two
adjacent stories would cancel out each other. Sections used for all the members and elevation

view of the buildings with door and windows opening are illustrated in Figure 4.2.

Table 4.1: Equivalent lateral forces according to NBC 2015 for 3- and 5- storey buildings

3-storey S-storey
Storey Lateral forces (kN) Storey Lateral forces (kN)
3 948.4 5 1036
2 977.7 4 1281.6
1 488.8 3 961.2
2 640.8
1 320.4

4.5 Finite element model of selected C-PSWs and SPSWs with openings

The finite element models of the selected C-PSWs and SPSWs with openings were
developed with the same modeling techniques and analysis procedure used for validation, which
was explained in section 3.3. Optimal mesh sizes for all components of SPSW and C-PSW were

obtained from a mesh convergence study.

Yield strength for the columns, beams and LBE members around opening was selected
as 370 MPa and for infill steel plate it was selected as 305 MPa. The concrete had a compressive
strength of 28 MPa and tension and compression damages were also considered in the models.
Bolts were modeled using beam connectors for C-PSWs. For SPSWs, an initial imperfection

pattern corresponding to the first buckling mode of each infill plate was applied in the model
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which helped initiate buckling in the infill plates and development of the tension fields. A value

of h/1000 was selected for the peak magnitude of initial imperfections in the infill plates.

In order to conduct a seismic analysis, “gravity-leaning- column” was added to the
model. This column was not part of the lateral force resisting system, but it was essential for
obtaining the destabilizing effects from the gravity load assigned to the columns (P-A effects).
The dummy column in the model had 2-node linear 3-D truss elements (ABAQUS T2D3) and
was connected to the shear wall system at every floor level using ABAQUS connector (pin
ended rigid links). This connection was selected so that it could restraint the horizontal
displacement between the dummy column and the shear wall system. The base of this column

was pin supported to ensure that the gravity column did not have any lateral stiffness.

Mass and gravity loads were also considered in seismic analysis. At each floor, the
seismic weight as well as the corresponding mass were applied on the VBEs, while the dummy
columns at each floor carried one fourth of the seismic weight applied on the whole building plan
area minus the amount carried by the VBEs and the corresponding mass. The seismic masses and
gravity loads were applied on top of the columns at each floor as point masses and concentrated

loads, respectively. A Raleigh proportional damping of 5% was selected for all seismic analyses.

Frequency analysis was conducted prior to seismic analysis to find out the fundamental
periods and the Rayleigh damping coefficients (alpha and beta). The FE models with dummy
gravity column were used for this type of analysis. The results from frequency analysis showed
that the fundamental periods for the 3-storey and 5-storey SPSWs without LBEs around door
opening are 0.87 and 1 second. And for SPSWs owing LBEs around door opening are 0.42 and
0.75, for C-PSW with LBEs around the door opening are 0.32 and 0.66 and C-PSWs without
LBEs around the opening are 0.27 and 0.56, respectively. These periods are longer than what
was calculated based on NBC 2015.The expression presented by NBC 2015 for fundamental

period of the structure is:
T, = 0.05(h,)*/ 4.30

In the above equation h,, is the total building height in meters.

The obtained fundamental period of the structure from FE model was used for scaling ground

motion time histories which is described later.

65



4.6 Ground motion time histories

In order to investigate the behavior of the structure under seismic time history records,
ASCE 7-16 recommends minimum three ground motion records for response history analysis
when peak maximum response are considered for component checking and minimum seven
ground motion records when the average of maximum response are considered for component

checking.

In this research, as the buildings were located in Vancouver, ground motion records were
selected in a way to be compatible with the earthquake hazard spectrum of Vancouver region
provided by NBC 2015. Eight ground motions were selected and scaled for the time history
analysis. Four of these records were real ground motions records and four were artificial records.
All records were compatible with Vancouver spectrum. Real ground motions were selected to
have A/V close to 1.0, as recommended by Naumoski et al. (2004), to simulate the expected
earthquakes in Vancouver, where A is the peak ground acceleration with unit of “g” and V is the

peak ground velocity with unit of m/s? and “g” is the acceleration due to gravity with unit of

m/s?.

Based on Canadian earthquake database during the years 1600-2006, most of the
earthquakes occurred in Vancouver and the offshore region of British Colombia have the
magnitude between 6.0 and 7.0 in Richter scale (Lamontagne et al. 2008). Therefore, two
earthquake records sets with the magnitude of 6.5 and 7.5 for soil class “C” and the A/V close to
1 were selected. The horizontal component of the ground motion records was selected as input
for the time history analysis. The four simulated and four real ground motion records selected for

analyses are shown in Table 4.2 and

Table 4.3. Also, the acceleration time histories are presented in Figure 4.9 and

Figure 4.10.

The selected ground motions were scaled based on ASCE/SEI (7.16) method. In this
method, the mean spectrum taken from response spectra of a set of ground motions within the
interval of 0.2T; to 1.5T; should fit or be above the uniform hazard spectrum for Vancouver,
where T; is the fundamental period of the vibration obtained from frequency analysis. The
response spectrum was considered for 5% of critically damped single degree of freedom system

in soil class C.
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The considered range of the period for scaling (0.2T; — 1.5T;) encompasses the most
probable range of the vibration during the earthquake event. Plastic deformations may increase
the period of the building, so the scaling factor is increased up to 1.5 times of fundamental period
(1.5T;). Higher mode effect is taking into account by the lower limit of the range (0.2T;)
(Naumoski et al. 2004).

Table 4.2: Characteristics of selected real ground motion records

Event Name Magnitude  Station PGA(g) PGV(m/s) A/V
Imperial valley 6.53 El Centro 0.466 0.478 0.974
California, 1979

Kobe, Japan,1995 6.9 HIK 0.149 0.147 1.02
San Fernando, 6.61 LA-Hollywood 0.163 0.169 0.96
California, 1972 Stor FF

Kern County, 7.36 Taft Lincoln School 0.180 0.186 0.97

California, 1952

Table 4.3: Characteristics of simulated ground motion records

Event Name Magnitude Distance(Km) PGA(g)
West6c2.2 6.5 19.7 0.27
west6c2.17 6.5 21.8 0.176
west7c1.23 7.5 20.3 0.325
west7¢2.13 7.5 30.2 0.203
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Figure 4.9: Selected real unscaled Ground Motions Records
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Figure 4.10: Selected simulated unscaled Ground Motions Records
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Chapter Five

5. Performance of Steel Plate Shear Walls with Rectangular Openings

5.1 Introduction

In the previous chapters, the FE model was validated and a 3-storey and 5-storey SPSWs
with openings were designed. In this chapter, seismic behavior of the selected SPSWs is carried
out by conducting a series of time history analysis using a suite of 8 ground motions compatible
with the design response spectrum of Vancouver, Canada. Maximum contribution of various
structural components in resisting applied lateral loads is calculated from seismic analysis. The
effectiveness of the designed stiffeners to limit both in-plane and out-of-plane deformations
around the rectangular openings is examined from seismic analysis. Also, whether the use of the
local boundary elements (stiffeners) around the rectangular openings alters the recommended

yielding sequence of the SPSW system is investigated in this chapter.

5.2 Seismic response of SPSWs with door opening and LBEs around the opening:

Before conducting seismic analysis of SPSWs, the selected eight (8) earthquake records

were scaled to response spectrum of Vancouver, BC.

Figure 5.1 to Figure 5.5 present the response spectra for the 8 selected ground motions
together with design spectrum and mean spectrum for two different cases of unscaled and scaled,
respectively, for the selected SPSWs. It is observed from Figure 5.2 to Figure 5.5 that the mean
spectrum of scaled seismic records for 3-storey and 5-storey SPSWs with openings are higher

than the NBC 2015 design spectrum.
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Figure 5.2: Response spectra of scaled ground motions for 3-storey SPSW with LBEs around the
opening along with mean and design spectrum
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Figure 5.3: Response spectra of scaled ground motions for 5-storey SPSW with LBEs around the
opening along with mean and design spectrum
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Figure 5.4: Response spectra of scaled ground motions for 3-storey SPSW without LBEs around
the opening along with mean and design spectrum
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Figure 5.5: Response spectra of scaled ground motions for 5-storey SPSW without LBEs around
the opening along with mean and design spectrum

Nonlinear seismic analysis was performed for 3- and 5-storey SPSWs for the selected ground
motions. From the non-linear time history analysis, it was observed that the maximum base
reaction for the 3-storey SPSW under artificial ground motions of West6c2.2, West 6¢2.17,
West7c1.23, West7c2.13 were 4435 kN, 3262 kN, 5160 kN and 4386 kN, respectively. The base
reaction forces for the 3-storey SPSW under real records of Imperial Valley, Kobe, San Fernando

and Kern County were 5040 kN, 4329 kN, 3041 kN and 4185 kN, respectively.

The maximum base reactions for 5-storey SPSW under artificial ground motions of
West6c2.2, West 6¢2.17, West7c1.23, West7c¢2.13 were 3826 kN, 2998 kN, 5004 kN and 4088
kN, respectively. Similarly, the base reaction forces for the 5-storey SPSW under real records of
Imperial Valley, Kobe, San Fernando and Kern County were 4559 kN, 2366 kN, 2586 kN and
3148 kN, respectively. Figure 5.6 and Figure 5.7 show base reaction time histories of the 3-

storey and 5-storey SPSWs under the selected ground motions.

The obtained dynamic storey shear forces from nonlinear analyses show that NBC 2015
calculated static base and storey shear forces much lower than the dynamic shear distributions

occur under earthquake event. Figure 5.8 and Figure 5.9 show the maximum base and storey
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shears under all earthquake events. Average maximum base reaction of selected ground motion
records is 4230 kN for the 3-storey SPSW and 3572 kN for the 5-storey SPSW. The calculated
nominal shear strength at the level of opening proposed by AISC guide 20 is 27% lower than the
average peak dynamic shear for the 3-storey and 32% for the 5-storey SPSW. The reason behind
was that the storey shear was not only resisted by the steel plate but also by the boundary steel
columns and local beam elements around the opening The average peak storey shear contribution
of various elements are shown in Figure 5.10 and Figure 5.11. On the other hand, in the design
process, the thickness of steel infill plate was selected based on practical availability and
constructability, so the plate was much thicker than the design requirement. Therefore, the

SPSWs had higher strength.

As observed from Figure 5.10 and Figure 5.11 for the 3-storey SPSW, under all
earthquake records the average of maximum shear contributions of the columns, infill steel plates
and LBEs at the base are 53%, 29% and 18%, respectively. For the 5-storey SPSW these values
are 51%, 31% and 18% for the columns, infill steel plates and LBEs, respectively.

The peak relative storey displacement and maximum interstorey drifts were obtained
from seismic analyses and are illustrated in Figure 5.14 and Figure 5.15. Under all seismic
events, the interstorey drifts were much lower that the NBC 2015 limit. The floor displacement
patterns are presented in Figure 5.12 and Figure 5.13 for the instant of maximum roof
displacement. As can be observed, the pattern is the same for all the earthquakes.

The extent of yielding in the 3-storey and 5-storey SPSWs under event “west7c1.23” is
presented in Figure 5.16. Seismic analyses showed that in the 3-storey SPSW the steel infill
plates of the 2 bottom floors and the panel right above the opening in the third floor were fully
yielded under all earthquake records and panels at the side of opening in the third floor partially
yielded under the earthquake records. Under event “west 7c1.23” and “Imperial Valley”, webs of
2nd and 3rd storey beams right below the opening reached the yield point and at the same time,
very slight yielding was observed at the base of the columns.

In the 5-storey SPSW, all the steel infill plates of the 3 bottom floors and the panel above
the opening in all the floors were fully yielded under all ground motion records and the infill
steel plates of the 4th floor were partially yielded under the seismic records. Only in events
“west7¢1.23” and “Imperial Valley”, webs of 2nd, 3rd and 4th storey beams right below the

opening reached the yield point and at the same time, column base showed very slight yielding.
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Boundary columns were essentially elastic under most of the seismic events though
satisfying the design objective of column. The undesired shear yielding of the storey beam
observed above the opening was due to the additional shear imposed by LBEs on the beam,
which is underestimated by AISC guide 20. This phenomenon was also reported by
Hosseinzadeh and Tehranizadeh (2012).

The obtained axial forces and moments of columns for both the 3-storey and 5-storey
SPSW were less than the calculated values from capacity design.

Finally, from the seismic analyses it was observed that if the LBEs around the opening
and the thickness of infill plates are designed based on AISC Design guide 20, they will not alter

the recommended yielding sequence of the SPSW system.
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Figure 5.6: Base shear history of 3-storey SPSW
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Figure 5.7: Base shear history of 5-storey SPSW
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Figure 5.11: Average peak storey shear contributions of 5-storey SPSWs
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Figure 5.16: Yield pattern of 3-storey (left) and 5-storey (right) SPSW at peak base shear instant
under event west7c1.23

5.3 Seismic performance of SPSW with and without LBEs around the opening

Current AISC design standard recommends use of horizontal and vertical local boundary
elements (LBE), in the form of stiffeners, around openings in the SPSWs to anchor the tension
field developed in the infill plate. In this section, the effects of utilizing LBEs around the opening
are studied. Other than the presence of LBEs, all other properties were considered to be the same
for the 3- and 5- storey SPSWs. The performance of the four models (3- and 5- storey SPSWs

with and without LBEs) under the same ground motion is assessed.
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The yield pattern of the 3-storey SPSWs with and without LBEs around the opening
under the same records at the instant of peak shear is shown in Figure 5.17. It is observed that the
LBEs provide enough stiffness for the steel plates to develop tension field action and become

fully yielded.

B Yielded
Bl Not Yielded

Figure 5.17: The yield pattern at the instant of peak shear for 3-storey specimens

5.4 Effectiveness of Stiffeners (LBEs) around the opening

Figure 5.18 shows the out of plane deformation around the opening for the SPSWs with
and without LBEs. Under the same ground motion, the maximum out of plane displacement
around the opening in the absence of LBEs was significantly higher for the 3-storey and 5- storey
SPSWs, while in the presence of these elements, the out of plane deformation was almost
prevented. The maximum out of plane deformation around the opening has the value of 164mm
in 3-storey SPSW without LBEs while this value is 2mm for 3-storey SPSW with LBEs around

the opening.
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In the SPSWs without LBEs around the opening, as the plate is not anchored, the amount
of out of plane deformation of the steel plate around the opening shows high sensitivity to the

extent of initial imperfection of the steel plate.

The maximum in plane deformation around the opening was 72 mm for the SPSWs

without LBE and 34mm with the presence of LBEs around the opening.

Therefore, the LBEs bring adequate stiffness to reduce the out of plane and in plane

deformation around the opening.

Figure 5.18: The deformation of steel plates around the opening: in the absence of LBEs (left) ;
and with the presence of LBEs (right)

5.5 Alternative stiffener arrangement

As observed in the previous section, the presence of stiffeners around the opening is
required to prevent in-plane and out-of-plane deformation of infill plate around the rectangular
opening. Nevertheless, introduction of stiffeners around all sides of the opening is very
expensive. Using less stiffeners offers a lighter structure, decreases foundation and steel material

costs.

In order to determine whether fewer stiffeners are able to anchor tension field developed

in the steel plate properly, a new stiffener arrangement was considered. The new stiffener
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arrangement, as shown for the 3 storey SPSW, was identical to the previous SPSW, except the
horizontal LBEs at the sides of opening were removed. The new SPSW model (model-1) and the
previous SPSW with AICS suggested stiffener arrangement (model-2) are depicted in
Figure 5.19. Deformation around the opening and the yield pattern of the two models are shown .

inFigure 5.20 and Figure 5.21.

Figure 5.19: 3- storey SPSWs with: stiffeners arrangement according to AISC (model-2)(left);
proposed stiffener arrangement (model-1)(right)

Figure 5.20: The deformation of steel plates around the opening for 3- storey SPSWs with:
stiffeners arrangement according to AISC (model-2)(left); proposed stiffener arrangement
(model-1) (right)
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Figure 5.21: The yield pattern for 3- storey SPSWs with: stiffeners arrangement according to
AISC (model-2)(left); proposed stiffener arrangement (model-1)(right)

Push-over analyses were conducted on both FE models and the results are compared in

Figure 5.22. Both models were pushed up to the drift of 3.6%.
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Figure 5.22: Push over curves for the 3-storey SPSW with two different boundary element
arrangements

Non-linear time history analyses were performed on both SPSWs with different stiffener
arrangements. Both models were subjected to selected scaled ground motions West6c2.2,

West7c1.23 and Imperial Valley.
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The maximum base reaction for SPSW with proposed stiffener arrangement (model-1)
under artificial ground motions of West6¢2.2 and West7c1.23 were 4119KN and 4874 kN,
respectively. The maximum base reaction force under real record of Imperial Valley was 4748
kN. While the maximum base reactions for SPSW with stiffener arrangement according to AISC
design guide 20 (model-2) are 4435 kN, 5160 kN and 5040 kN for West6¢2.2, West7c1.23 and
Imperial Valley, respectively. Figure 5.23 compares base shear history of SPSW with two

different stiffener layouts around the door-sized openings.
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Figure 5.23: Base shear history of: SPSW with stiffener arrangement according to AISC design
guide 20 (left); SPSW with proposed stiffener arrangement (right)
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The peak relative storey displacement and maximum interstorey drifts were obtained
from seismic analyses for both models and the comparison is illustrated in Figure 5.24 to
Figure 5.26. As can be observed, under all seismic events the interstorey drifts were much lower
that the NBC 2015 limit for the model with fewer stiffeners. The floor displacement patterns are

presented for the instant of maximum roof displacement for both models.
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Figure 5.24: Interstorey drifts (left) and maximum displacements (right) of the two models under
west6c2.2 ground motion

3 -
3 T "l"'
|
|
| —¢— model-1
' >

E‘Z g, —#—model-2 82 -

g - v ) e=@=model-1
| —-— nBcc model-2
| Limit
|
|

1 u J_ 1 T, T T 1
0 0.01 0.02 0.03 0 ?O _ 100 10200
Interstory drift/Story Height Maximum displacement(mm)

Figure 5.25: Interstorey drifts (left) and maximum displacements (right) of the two models under
west7c1.23 ground motion
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Figure 5.26: Interstorey drifts (left) and maximum displacements (right) of the two models under
Imperial Valley ground motion

From seismic analyses it was observed that the stiffeners in model-1 can properly anchor
the out of plane deformation around the opening. So, this stiffener arrangement can be used as

alternative to the previous models to and cut the costs.

Also it is observed that using the proposed stiffener arrangement did not alter the

recommended yielding sequence of the SPSW system.
5.6 SPSW with window size opening:

In order to investigate the behaviour of SPSW with window opening, a 3story SPSW
with rectangular windows size opening was modeled and analyzed under 3 seismic records. The
model is depicted in Figure 5.27. The SPSW was the same shear wall located in the proposed
building.

For conducting seismic analysis, the West6c2.2, West7c1.23 and Imperial Valley ground

motions were scaled and applied to the model.
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Figure 5.27: Elevation view of the selected shear wall with window size opening

The maximum base reaction for SPSW with window opening under artificial ground
motions of West6c2.2 and West7c1.23 were 4773 KN and 5365 KN, respectively. The maximum

base reaction force under real record of Imperial Valley was 5276 KN.

Similar to SPSW with door opening, the obtained base shear forces from nonlinear
analyses were higher than the amounts calculated according to NBC 2015. The base shear for

the 3-storey SPSW was calculated as 604 KN according to NBC 2015.

The peak relative story displacement and maximum interstorey drifts were obtained from
seismic analyses and are illustrated in Figure 5.29 and Figure 5.30. Under all seismic events, the
interstorey drifts were much lower that the NBC 2015 limit. The floor displacement patterns are
presented in Figure 5.29 for the instant of maximum roof displacement. As can be observed, the

pattern is same for all the earthquakes.

The extent of yielding in the 3-story SPSW under event “west7c1.23” is presented in
Figure 5.31. Seismic analyses showed that in the 3-story SPSW the steel infill plates of the 2
bottom floors and the panel right above and below the opening in the third floor were fully
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yielded under all earthquake records and other panels of the third floor were partially yielded
under the earthquake records. Under the selected records, some parts of LBEs at the sides of the
opening at the first floor reached the yield point and at the same time very slight yielding was

observed at the base of the columns.

The shear yielding of the storey beam was not observed in the model with window size
openings and the reason behind is that forces of the webs and LBEs above and below the storey

beam mostly cancel each other.

Finally, from the seismic analyses it was observed that with the LBEs around the opening
and infill plates designed based on AISC Design guide 20, the recommended yielding sequence
of the SPSW system will not alter.
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Figure 5.28: Base shear history of 3-storey SPSW with window openings
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Figure 5.29: Maximum storey displacements at instant of peak top storey displacement for 3-
storey SPSW with window openings
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Figure 5.30: Maximum interstorey drifts for 3-storey SPSW with window openings
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Figure 5.31: Yield pattern of 3-storey SPSW with window openings under event west7c1.23

5.7 Conclusion

Non-linear time history analyses were conducted to evaluate the seismic behavior of the
SPSW with large opening in the web and assess the effectiveness of LBEs around the opening
and the yielding sequence of the SPSW system. Two multi-storey (3- and 5-storey) SPSWs with
standard door sized openings were selected and designed following the guidelines of current
design codes and AISC design guide 20. The non-linear seismic analyses were carried out by
conducting a series of time history analysis using a suite of 8 ground motions compatible with
the design response spectrum of Vancouver, Canada. It was observed from analyses that SPSWs
with large openings in the web showed excellent seismic performance in terms of high shear
strength, ductility and stiffness. The shear strength of SPSW was more than what is presented in
the current design code. The reasons are the constraint for steel plate thickness for handling
issues and the contribution of other elements like columns and LBEs in resisting shear which are

not considered in the code.
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The boundary columns that were designed with capacity design concept serves well under
seismic events. Under all seismic records the column axial forces and bending moments were
lower than the designed forces. The steel plates were fully yielded while the boundary elements
remained elastic under most of the earthquake events. However, undesired shear yielding was
observed under two events for the beams under the door size openings which was due to
additional shear imposed on beams, which is underestimated in the design procedure of AISC

Design Guide 20.

It was observed that the presence of LBEs around the opening was necessary as it was
recommended by AISC 341-16. The effectiveness of LBEs designed according AISC Design
Guide 20 in eliminating the out of plane and in plane deformations around the opening were
observed. The LBEs designed according AISC Design Guide 20 also showed adequate stiffness
as they allowed the infill steel plates to reach their shear yield strength. Under all seismic events,
the presence of the LBEs around the opening does not alter the recommended yielding sequence

of the SPSW system.

Finally, an alternative LBE layout around opening with less number of elements was proposed.
The proposed layout was found adequate in reducing the out of plane and in plane deformations

around the opening.
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Chapter Six

6. Performance of Composite Plate Shear Walls with Rectangular Openings

6.1 Introduction

In this chapter, performance of selected C-PSWs with door size openings is investigated
through conducting a series of time history analysis using a suite of 8 ground motions that were
developed for Western Canada and are compatible with Vancouver design response spectrum. C-
PSWs with and without local boundary elements around the openings are considered. Maximum
contributions of various structural components (i.e., infill plate and boundary members) in
resisting applied lateral loads are calculated from seismic analysis. Since interstorey drift is an
important indicator of performance in earthquake engineering analysis, the variation of
maximum interstorey drift in all stories for both multi-story C-PSWs are obtained. In addition,
requirements of stiffeners around the door sized openings of C-PSW system are evaluated from

nonlinear seismic analysis.

6.2 Seismic response of C-PSW with opening and LBEs

Before conducting seismic analysis of C-PSWs, the selected ground motions were scaled
to response spectrum of Vancouver, BC. Figure 6.1 to Figure 6.5 present the response spectra for
of the 8 selected ground motions together with design spectrum and mean spectrum for two
different cases of unscaled and scaled, respectively, for the selected C-PSWs. It is observed
from Figure 6.2 to Figure 6.5 that within the period interval of 0.2T to 1.5T (where T is the
fundamental period of selected C-PSW) the mean spectrum of selected seismic records for 3-

storey and 5-storey C-PSWs with openings are higher than the NBC 2015 design spectrum.
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Figure 6.2: Response spectra of scaled ground motions for 3-storey C-PSW with LBEs around
the opening along with mean and design spectrum
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Figure 6.4: Response spectra of scaled ground motions for 3-storey C-PSW without LBEs
around the opening along with mean and design spectrum
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Figure 6.5: Response spectra of scaled ground motions for 5-storey C-PSW without LBEs
around the opening along with mean and design

Nonlinear time history analyses were performed in ABAQUS. Under all earthquake
records, it was observed that the selected 3-storey and 5- storey C-PSWs exhibited excellent
seismic performance with high ductility and strength. .The maximum base reaction for the 3
story C-PSW under artificial ground motions of West6c2.2, West 6¢2.17, West7cl.23,
West7c2.13 were 4142 KN, 3706 KN, 4340 KN and 3515 KN, respectively. The base reaction
forces under real earthquake records of Imperial Valley, Kobe, Kern County and San Fernando

were 5386 KN, 4223 KN, 3579 KN and 2879 KN, respectively.

The maximum base reactions for 5-storey C-PSW under artificial ground motions of
West6c2.2, West 6¢2.17, West7c1.23, West7¢2.13 were 3381 KN, 3511 KN ,4993 KN and 4461
KN, respectively. Similarly, the base reaction forces under real records of Imperial Valley, Kobe,

Kern County and San Fernando were 5168 KN, 2981 KN, 3186 KN and 3150 KN, respectively.

From the seismic analysis, as shown in Figure 6.6, it is observed that the calculated storey
and base shears according to NBC 2015 are much lower than the shears that the C-PSWs
experienced under earthquakes. This was because of selected thicker infill steel plate than

required by design to meet the practical and handling requirements. This caused over strength in
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C-PSW. Moreover, a significant portion of shear was resisted by boundary columns, LBEs and
reinforced concrete panel which are not considered in the current shear strength calculation of C-

PSW and the total shear is assumed to be carried only by the infill steel plate.

Figure 6.6 presents the maximum and average peak story shears occurred under these
ground motions for the 3-storey and 5-storey C-PSWs. The maximum contribution of various
structural components of the C-PSW, namely, the steel infill, boundary columns, vertical LBEs
and the RC panel in resisting applied lateral loads are calculated for each ground motion and the

average under all ground motions are depicted in Figure 6.7 for the 3-story and 5-story C-PSWs.
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Figure 6.6: Maximum peak story and the average peak story shear occurred under all seismic

records for the 3-storey C-PSW (left) and 5-storey C-PSW (right)
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Figure 6.7: Average peak storey shear contributions of 3-storey (left) and 5-storey (right) C-

PSWs
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For the 3-storey C-PSW, the average base shear under all ground motions was obtained
as 3971.5 KN and the maximum base shear occurred under event “Imperial Valley” with the
value of 5386 KN. Under this event, the peak storey shear contributions at the base for the
boundary columns is 51%, the LBEs is 20%, infill steel plates at the level of opening is 17% and
RC panel is 12% . As illustrated in Figure 6.7, for 3-storey C-PSW under earthquake records the
average of maximum shear contributions by the columns, LBEs, infill steel plates and RC panels

are 47%, 21%, 18% and 14%, respectively.

For the 5-storey C-PSW the average base shear under all ground motions was obtained
3854 KN and the maximum base shear occurred under event “Imperial Valley” which was equal
to 5168 KN. For the 5-storey C-PSW under this event, the peak storey shear contributions at the
base for the boundary columns is 51%, the vertical LBEs is 22%, infill steel plates at the level of
opening is 15% and RC panel is 12%.

As observed from Figure 6.7, for the 5-storey C-PSW under earthquake records, the
average of maximum shear contributions of the columns, LBEs, infill steel plates and RC panels

are 49%, 21.5%, 16.5% and 13%, respectively.

Yielding of infill plates happen when the dynamic shears reach or exceed the nominal
shear strength of the web plate. For 3-storey C-PSW, the calculated shear strengths of the web
plate according to equations 4.11 and 4.12 are 1493 KN and 1484 KN for above and at the level
of opening, respectively. For 3-storey C-PSW, the steel infill plates of the first and second storey
were partially yielded under all ground motions and the steel plates right above the openings in
all the stories were partially yielded under all ground motions. Also, it was observed that the
dynamic shear of steel plates at the yielded locations reached the calculated nominal shear

strength of the plate web.

In 5- storey C-PSW, yielding in the infill plates occurred in the bottom three floors under
all ground motions and in the plates right above the opening in all stories. The amount of shear at
the yielded location reached the calculated shear strength for the above and at the level of the

opening which were 1482 KN and 1473 KN, respectively.

Figure 6.8 (a) and Figure 6.8 (b) present the extend of yielding for the 3-storey and 5-

storey C-PSWs at the instance of maximum base shear under event “Imperial Valley”.
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- Yielded
- Not Yielded

(b)

Figure 6.8: Yield pattern of the infill steel plate for: (a) 3-storey and (b) 5-storey C-PSW

The frequency analyses showed that the current code formula predicts the fundamental
periods shorter than what was obtained from FE analysis. The current code estimates the period
0.33 and 0.48 second for 3-storey and S-storey C-PSWs, respectively, while the frequency
analysis gave the values of 0.32 and 0.66 seconds for 3- and 5- storey C-PSWs.

Boundary columns were essentially elastic under most of the seismic events and the
design objective of columns to remain elastic while sustain the full yield force from the steel

infill was achieved.
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Undesired yielding was observed in the beam webs right below the opening. The
undesired shear yielding in the beam webs below the opening was due to reaction forces of
vertical LBEs imposed on the beams. In fact, beams should resist more shear in reality under
seismic events and the amount of shear that AISC Design Guide 20 consider for the design of

beams were less than the shear applied due to selected earthquake.

Seismic analysis showed that for all ground motions, the obtained columns axial forces
and moments in all floors were lower than the design axial forces and moments obtained from
the capacity design method. Figure 6.11 and Figure 6.12 show the displacements in every storey
obtained from the seismic analyses for the set of ground motions chosen at the instant of peak

top storey displacement.

Interstorey drift is an important indicator of performance in earthquake engineering
analysis. The variation of maximum interstorey drift in all stories were obtained from seismic
analysis and are presented in Figure 6.9 and Figure 6.10. It is observed that the interstorey drifts

for the 3-storey and 5-storey C-PSWs are within the code limit.

102



Stary
Story

3 q 3 -
Q= NBCC Limit ! Qe 6C2.2 '
—O—ImperiaIVaIIey: =M= NBCC Limit :
———r P N 6C2.17
: ——7C1.23 |
—{@—Kern County cl. I
i 7C2.13
Bl ) =——SanFernando i 5 ¢ i
! I
! I
! I
! I
! I
1 T T . 1 1 T T . 1

0 0.01 0.02 0.03 0 0.01 0.02 0.03
InterStory Drift/Story Height InterStory Drift/Story Height

Figure 6.9: Interstorey Drift of the 3-storey C-PSW under: real ground motion records (left);
simulated ground motion records (right)
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6.3 Comparison of Seismic response of C-PSWs with and without LBEs around the

opening

In this section, the effects of utilizing LBEs around the opening are studied. Other than
the LBEs, all other properties were considered to be the same as for the 3- and 5- storey C-PSWs
previously studied. The performance of the four models (3- and 5- storey C-PSWs with and

without LBEs) under the same ground motion was assessed.

Under event 6¢2.2, the maximum base shear for 3-storey C-PSW with LBEs was
obtained as 4142 KN and for its counterpart without LBEs the maximum base shear was 3337
KN. The 5-storey C-PSW with LBEs had maximum base shear of 3381 KN and the one without
LBEs had a maximum base shear of 2648 KN.

The von Mises stress distribution of the 3- and 5- storey C-PSWs with and without LBEs
around the opening is shown in Figure 6.13 and Figure 6.14. Figure 6.15 compares the inter
storey drifts of the 3- and 5- storey C-PSW with and without LBEs around the opening. The C-
PSWs with LBEs around the opening have higher interstorey drift, but for both systems the value

are within the code limit.
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Figure 6.13: von Mises stress distributions at the instant of peak shear for 3-storey C-PSWs:
without LBEs (left) and with LBEs (right)
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Figure 6.14: von Mises stress distributions at the instant of peak shear for 5-storey C-PSW
without LBEs (left) and with LBEs (right)
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Figure 6.15: Effect of introducing LBEs around the opening on the interstorey drift

Figure 6.16 and Figure 6.17 show the out of plane deformations around the opening for
the C-PSWs with and without LBEs around the opening. Under the same ground motion, the
maximum out of plane displacement around the opening in the absence of LBEs are 36 mm for

the 3-storey and 20 mm for 5 storey C-PSWs, respectively, while in the presence of these
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elements these values are equal to 5 mm and 5 mm, respectively. Therefore, the LBEs bring

adequate stiffness to reduce the out of plane deformation around the opening.

In C-PSW, the RC panels act as stiffener for the steel plate. The analysis showed that not
only the concrete panels prevented buckling of the steel plate but also they prevented occurrence
of large out of plane deformations around the openings. As observed, the maximum out of plane
deformation around the opening was not large when there was no LBE around the openings of C-
PSWs. If this amount of deformation could be handled during construction not to make huge

damage in the building during the earthquake, the LBEs can be ignored for C-PSWs.
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Figure 6.16: Maximum out-of-plane displacement around the opening in the 3-storey C-PSWs

with LBEs (right) and without LBEs (left)
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Figure 6.17: Maximum out-of-plane displacement around the opening in the 5-storey C-PSWs

with LBEs (right) and without LBEs (left)
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6.4 Conclusion

Nonlinear seismic analyses were conducted on C-PSWs with door openings under ground
motion records compatible with Western Canada. The performance of selected 3-storey and 5-
storey C-PSWs with openings was evaluated. Also, the effect of presence of LBEs around the

opening is assessed. The followings can be concluded from this chapter:

- The 3-storey and 5-storey C-PSWs with opening under selected ground motion records
showed ductile behaviour and provided excellent structural performance in terms of

stiffness and strength.

- The obtained fundamental periods of the systems from frequency analysis were higher

than the values calculated according to the NBC 2015 code formula.

- As shown in seismic analysis, the moment resisting frame and LBEs have significant

contributions in resisting shear which is not considered in the current AISC 341-16.

- The FE analyses showed that the columns remain essentially elastic and the columns
axial forces and bending moments are calculated conservatively in the current capacity

design procedures.

- The 3-storey and 5-storey C-PSWs under all selected ground motion records have the

interstorey drift less than NBC 2015 limit which is 2.5% of the storey height.

- The LBEs designed based on AISC Design Guide 20 provide enough stiffness and allow
the infill steel plates to reach shear yield strength.

- The presence of LBEs around the opening is effective for reducing the out of plane and in

plane deformation around the openings.

- From FE results it can be understood that addition of concrete panel to the infill steel
plate in C-PSWs not only prevents the buckling of steel plate, but also in case of opening

it stiffens the steel plate and prevent it from large out of plane deformations.

The procedure presented by AISC Design Guide 20 for designing HBEs is not perfect
and undesired yielding was observed in the beam webs below the opening. This is
because reaction forces from LBEs impose additional shear forces and moment on the

beams which are not considered in the current design procedure.
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Chapter Seven

7. Summary, Conclusion and Recommendations

7.1 Summary

A finite element model has been developed to study the behavior of unstiffened steel
plate shear walls and composite steel plate shear walls with large rectangular openings, like door
and window sized openings. Both types of shear walls had rigid beam-to-column connections.
The finite element model was validated using the existing experimental studies. The validated FE
model was used to conduct seismic analyses on 3-storey and 5-storey SPSWs and C-PSWs with
openings. Two multi-storey (3- and 5-storey) buildings located in Vancouver and having SPSWs
and C-PSWs with standard door sized openings are designed following the capacity design
approach and guidelines of current AISC design guide 20. Seismic behavior of the selected
SPSWs and C-PSWs is investigated by conducting a series of time history analysis using a suite
of 8 ground motions compatible with the design response spectrum of Vancouver, Canada. Also,
key seismic parameters such as storey displacements, interstorey drifts, and base shears were
obtained. Maximum contribution of various structural components in resisting applied lateral
loads were calculated from seismic analysis.

Additionally, the stiffness requirements for the local boundary elements around the
opening recommended by AISC 341.16 were evaluated from nonlinear seismic analysis. It was
investigated if the presence of local boundary elements alters the yielding sequence of the shear
wall system. In addition, effectiveness of proposed stiffener arrangement around rectangular

opening was investigated.

7.2 Conclusions

The main findings of this research are described below:

- The finite element model developed was found to be successful in capturing the behavior
of the SPSW and C-PSW system. For the C-PSW tested by Zhao et al. (2004), initial
stiffness was predicted well and the ultimate capacity was overestimated by only 2%.
Also, for the Arabzadeh et al. (2017) specimen the FE model showed an excellent

prediction of the initial stiffness and the peak capacity was overestimated by about 6.5%.
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The 3-storey and 5- storey SPSWs and C-PSWs with openings and LBEs around the
openings have good seismic performance in terms of stiffness, ductility, and high shear

strength.

Seismic analyses showed that the shear strength of SPSW and C-PSW are more than
what is presented in the current design code. A considerable amount of the shear is
resisted by boundary columns, LBEs and reinforced concrete (for C-PSW), which are not

considered in the current design approach.

The boundary columns that were designed with capacity design concept showed excellent
seismic performance and under all seismic records the column axial forces and bending

moments were lower than the designed forces.

The interstorey drift which is an important indicator of performance in earthquake
engineering were below the NBC 2015 drift limit of 2.5% of storey height under all
seismic records for both C-PSWs and SPSWs.

The obtained fundamental periods of the systems from frequency analysis showed that
fundamental periods of the systems were higher than the values calculated according to
the NBC 2015 code formula.

In SPSW the presence of LBEs around the opening were found out to be essential to
eliminate the out of plane and in plane deformations around the opening

The LBEs designed according AISC Design Guide 20 also showed adequate stiffness as
they allowed the infill steel plates to reach their shear yield strength and anchored the out
of plane and in plane deformations around the openings.

In the C-PSW, the RC panel also acted as stiffener to restrain the deformation around the
opening. It was observed that the out of plane deformation of C-PSW with opening and
without LBEs was much less than the identical SPSW.

Undesired shear yielding was observed in the beams below the openings which was due
to additional shear imposed on beams that was not considered in the design procedure of

AISC Design Guide 20.

Under all seismic events, the presence of the LBEs around the opening did not alter the

recommended yielding sequence of the SPSW and C-PSW system.
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7.3 Recommendations for Future Study

Limited numbers of SPSWs and C-PSWs with openings were analyzed. More C-PSW
and SPSW systems with various geometry and height needed to be analyzed. Also SPSW or C-
PSW with different opening dimensions, shapes and location needed to be analyzed to see the
overall performance of these structures in a wider scale.

Experimental studies should be carried out on C-PSWs with LBEs, which is not
performed to date. Also, the effects of concrete with and without gap with boundary elements

can be examined on this system.

Additionally, the C-PSW with large opening and without LBEs can be investigated more
experimentally to capture the deformations around the opening and evaluate the

recommendations of the current code for utilizing LBEs around the opening.

The impact of the concrete reinforcement ratio, type and numbers of bolts used for
connecting the steel infill and the RC panels on the shear contribution of the RC panels is needed

to be studied in a detailed manner.

To obtain more realistic behavior of these systems three dimensional dynamic analysis
can be conducted. The effect of torsion and transverse loading also can be captured in buildings

with unsymmetrical plans.

More SPSW and C-PSWs should be analyzed to develop an empirical formula to

estimate the fundamental periods of these systems closer to reality.

More studies are also needed to modify the design of HBEs above and below the door

opening level due to additional shear forces imposed on the beams.

Various LBE arrangements should be studied to find the most efficient arrangement in

terms of cost and practicality.
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