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ABSTRACT

Steel plate shear walls (SPSWs) are known to be a reliable lateral force-resisting
system, particularly attractive for high-seismic regions, due to their high lateral strength
and stiffness and stable hysteretic behavior. SPSWs comprise thin infill plates that are
connected to the beams and columns of the surrounding boundary frame on all four edges.
Being the primary element resisting the lateral load, thin infill plates buckle almost
immediately when the SPSW is loaded laterally. Despite shear buckling of thin infill
plates, thin infill plates exhibit substantial post-buckling strength and stiffness due to a
mechanism called tension field action. To take advantage of tension field, the surrounding
boundary frame is required to anchor thin infill plates by resisting the diagonal tension
forces exerted by thin infill plates due to the formation of tension field and by limiting
the inward deflection of thin infill plates to enable them to yield in tension. Pursuant to
this goal, it is necessary to capacity-design the boundary frame to ensure thin infill plates
yield prior to hinging in the boundary frame. In addition to the capacity design
requirement, a stiffness limit for the boundary frame, based on elastic behavior, is
provided by design codes to minimize pull-in of boundary frame. Furthermore, for
preventing excessive plastic deformation in the horizontal boundary elements (HBES) a
limit for plastic section modulus of HBEs is provided. In this study, a parametric study is
undertaken to quantify the effect of boundary frame flexibility (or stiffness) on the
development of diagonal tension and the variation of tension stresses in thin infill plates
of SPSWs. The web plate thicknesses are chosen, and relevant boundary frame elements
are designed according to the forces applied by web plate without considering seismic
actions. 27 one story one bay SPSWs with 3 different aspect ratios (ratio between width

and length) and 9 different plate thickness using lightest sections for beams and columns



are designed following the capacity design principles. Later for each design, 2 additional
bigger column sections are assigned while beam sections remained constant. In total, 81
designs are provided. In addition to the capacity design requirements, these designs also
fulfill the stiffness requirement given for boundary frame in design codes. Nonlinear
pushover analyses are performed using a simplified model known as strip model
(validated against experimental data available in literature) representing the cyclic
behavior of thin infill plates. It is observed that column stiffness does not affect the
distribution of the stresses in the web plates. Additionally, in pushover analysis it is
observed that the capacity design method underestimates the shear forces. Results showed
that the accumulation of plastic deformation at the mid- span of the HBE is critical for
designs with aspect ratios of 1 and web plates with thickness less than 1.3 mm. Finally,
the closed-form expression for uniformity of the stresses in the web plates is also obtained

as a function of flexibility of beams and columns, aspect ratios and drifts.



OZETCE

Celik perde duvarli gerceveler yanal yiikler etkisi altinda giivenilir sistemler
olarak taninmus, bilhassa da deprem boélgelerinde yiksek yanal yuk gerilimi, rijitlik ve
kararl1 histerik davranis 6zelliklerinden otiirii birgok yerde kullanilmistir. Celik perde
duvarli cergceveler ince bir levhanin dort bir yanmi saran kolon ve kirislerden
olusmaktadir. Bu ince levha, yanal yiiklerin etkisi altinda dayanim gosteren ilk
elemanlardan biri olup; yanal yiikler etkisi altinda burkulur. Kesme kuvvetinin
olusturdugu burkulmaya ragmen, ince levha 6nemli 6l¢iide burkulma sonrasi dayanim ve
rijitlik gostermektedir. Bunun temel nedeni ise ¢ekme alani mekanizmasi olusumudur.
Cekme alaninin olusabilmesi i¢in ¢elik levha etrafini saran ¢ergevenin ince ¢elik levhaya
sabitlenmesi, cekme alan1 olusumdan dolayr meydana gelen eksenel ¢gekme kuvvetlerine
dayanmas1 gerekir ve ince levhanin iceriye dogru egrilmesini engelleyerek levhanin
cekme kuvvetinden dolayr akmasini saglamalidir. Biitiin bunlar1 saglayabilmek icin
levhay1 saran cergevenin mafsallasma olugsmadan ince levhanin akmasimi saglayacak
sekilde tasarlanmasi gerekmektedir. Bununla birlikte, ¢er¢evenin tasariminda belirtilen
rijitlik sinirlart kolon ve kirisler igin belirlenip, cer¢evenin yiikler etkisi altinda ice
cekilmesi engellenmelidir. Bu ¢alismada, parametrik bir yaklasim ele alinmis olup levha
gergevesinin rijitliginin ince levhada eksenel ¢ekme alani Gzerindeki etkisi incelenmistir.
27 tane tek katl ve tek agiklikli ¢elik perde duvarlar 3 farkli en boy orani ve 9 farkli levha
kalinlig1, olabilecek en kiiciik kiris ve kolon kesit 6l¢iileri kullanilarak tasarlanmigtir. Bu
tasarimlara ek olarak, ayni en boy oranlar1 ve levha kalinliklari ile 2 ek kolon kesiti kiris
kesitleri sabit kalacak sekilde tasarima eklenmistir. Sonu¢ olarak 81 tane tasarim
sunulmustur. Bu tasarimlar, tasarim yonetmenliginde belirtilmis olan levha cergevesi

rijitlikleri g6z 6niinde bulundurularak olusturulmustur. Dogrusal olmayan itme analizleri,

Vi



cubuk model teknigi ile yapilmis olup ince levhanin yapisal davranislar1 incelenmistir.
Yapilan analizler sonucunda kolon rijitliklerinin levha iizerindeki yiik dagilimda etkili
olmadig1 gozlenmistir. Itme analizleri, uygulanan tasarim metodunda bulunan kesme
kuvvetlerinin normalden daha az bir degere sahip oldugunu gozler Oniine sermistir.
Sonuglar, kirislerin orta kisminda olusan plastik sekil degistirmelerinin en boy oraninin
1’e ve levha kalinliginin 1.3 mm’den az oldugu tasarimlarda g6zlendigini vurgulamustir.
Sonug olarak, levhalar iizerindeki gerilme dagilimi kiris ve kolonlarin esnekligi, en boy

orani ve otelemeye bagh olarak ifade edildi.
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CHAPTER |

INTRODUCTION

1.1. Background

Structures in contemporary construction world must be resist lateral loads such as
earthquake and wind load in addition to vertical loads such as gravity loads. There are
various types of LRFS that can be used in high seismic regions such as steel moment

frame, concrete shear walls, braced frames, and steel plate shear walls.

Steel plate shear walls (SPSW) are one of the lateral load resisting systems and an
innovative way to provide lateral stiffness and strength to structures. Since 1970’s SPSWs
have been used in great number of buildings either in mid-rise or high-rise in Japan,
Canada and United States. In Japan, these walls were used in new buildings while in U.S.
they were used for upgrading the seismic behavior of structures and also, for retrofitting

existing buildings (Mérel, 2004).

SPSWs provide supreme ductility, stable hysteretic behavior, high resistance to
strength degradation under cyclic loading, great initial stiffness, high post-buckling
strength and capable of dissipating significant amount of energy. Compared to concrete
shear walls, SPSWs provide more flexibility in the plan area usage of the buildings,
supply more light weight structure, reduce both gravity and seismic loads transition to the
foundation which leads to a considerable decrement in foundation and construction cost

(Sabelli and Bruneau, 2007).



SPSWs consist of thin infill steel plates referred to as web plates connected to the
surrounding boundary frame, namely, beams and columns, that are known as the
horizontal boundary elements (HBE) and vertical boundary elements (VBE),
respectively. The beam-to-column connections of the boundary frame can be either
simple or rigid connections; however, moment-resisting connections are typically
adopted to take advantage of the moment-frame action. A conventional SPSW

configuration is demonstrated in Figure 1.1.

Figure 1.1. A conventional SPSW configuration adopted from Alavi and Nateghi

(2013)

SPSWs can be used in various configuration such as, stiffened steel plate and un-
stiffened thin steel plate based on the design philosophy. Application of the stiffened
SPSW with horizontal and vertical elements and un-stiffened SPSW are demonstrated in

Figure 1.2 and 1.3 respectively. Generally, SPSWs with stiffened plate are not used since



Astaneasl (2001) indicated that these systems are not only economical but also, not

recommended.

Figure 1.2. Stiffened SPSW with horizontal elements adopted from Ismaeil and

Hassaballa (2013)

Figure 1.3. Un-stiffened SPSW adopted from Ismaeil and Hassaballa (2013)



On the other hand, un-stiffened thin web plates that is connected to the
surrounding boundary frame have a post-buckling strength several times greater that the
elastic buckling strength of the web plate (Elgaaly et al., 1993). Lateral load resisting
system of the web plate is dominated by tension filed mechanism. Detailed information
related to the tension field mechanism development in SPSWs with thin web plate will

be explained in section 1.1.1.

1.1.1. Tension field Action and Inclination Angle

In aerospace engineering it is recognized by Wagner (1931) that the post-buckling
strength of the unstiffened shear plate can be considerable. Unlike column buckling,
buckling of unstiffened plate is not equivalent to the failure. In the following years,
researchers realized that in the steel building construction, post-buckling strength and
ductility of the slender web plate could be substantial and later on, this behavior is allowed

in AISC 341-05, Seismic Provision for Structural Steel Buildings, AISC (2005).

When the web plate is thin, shear buckling occur at low levels of lateral loading
(Driver, 1997) and web plate experience early shear buckling. At post-buckling stage
lateral load resisting mechanism of the SPSW changes from in plane shear to an inclined
tension field mechanism. Inclined tension field generates fold lines in the un-stiffened
thin plate as it is illustrated in Figure 1.4. At this point, lateral loads transferred through
the plate by the principle tension stresses. Tensile stresses in web plate are so large in
comparison with compressive stresses that the compressive stresses can be neglected

entirely.

Formation of the tension field action mechanism is the primary concept of the
steel plate shear wall which is desired to be achieved. The concept of the consideration

of the post-buckling strength is adopted from AISC manual for design of plate girders

4



based largely on the work of Basler (1961). Idealized tension field action in one-story

one-bay SPSW is illustrated in figure 1.5.

Figure 1.4. Tension field mechanism (Webster, 2013)

| Seismic Load

Tensile Stresses

Figure 1.5. Idealized tension field action in one-bay one-story SPSW

The inclination angle of tension field forces (a)), which is shown in figure 1.4 is
the angle between the column and the line of action of the inclined tensile forces. Based
on the elastic strain energy formulation, Timler (1998) derived Equation 1.1 for the

5



inclination angle of tension field. In this equation it is considered that the slender web
plate has no compression strength and the tension field forces is assumed to be distributed
with the same stress among the entire web plate with a constant angle which can be

calculated with Equation 1.2.

t,L
1+ >
tan® o = A = Eq (1.1)
1+t,h i+
A 360I.L
V, =05F t, L, sin(2a) Eq (1.2)

1.1.2. Stiffness and Strength Requirement for Boundary Frame Elements
Generally, web plates work almost entirely in tension while the tension acts
along the length of the boundary elements. Reliant on the stiffness of HBE and VBE, web
plate of the SPSWs entirely yield in tension at the design story drift. As such, large inward
forces exerted on the boundary elements. VBEs and HBEs of SPSWs should provide
sufficient stiffness to allow the web plate to develop full tension strength. Additionally,
for preventing excessive accumulation of plastic deformation in the mid-span of HBEs,

proper plastic section modulus for the HBE should be provided.

Based on the AISC 341-16, Seismic Provisions for Structural Steel Buildings,
(AISC, 2016a), stiffness limits for VBE and HBE to ensure the web plate full yielding in

tension are presented in Equations 1.3 and 1.4.

| < 0.0031L%w
ST Eq (1.3)
0.0031h*tw
oS ——F— Eq (1.4)

¢ L



1.2.  Aim and Obijectives

In this thesis, a parametric study has undertaken on one-story SPSWs with
different plate thicknesses and different aspect ratios with moment resistant beam-to-

column connections. The objectives of this study are;

1. To determine the effect of boundary frame stiffness on the variation of the
tensile stresses in web plates

2. To determine the effects of the given flexural stiffness requirements in
equations 1.3 and 1.4 for beams and columns on the distribution of the stresses
in the web plate and formation of plastic hinges in horizontal and vertical
boundary elements

3. To evaluate the proper plastic section modulus values for the horizontal
boundary elements to reduce the accumulation of plastic deformation at mid-
span

4. To determine the correlation between the flexibility of the beams and columns

and uniformity of tension field stresses in the web plate

1.3. Organization of Thesis

This thesis includes six chapters, “Chapter I”” provides general information about
SPSW and “Chapter II”” covers a literature review on the topic. “Chapter III”” includes the
validation of the numerical model used in this study against experimental data. In
“Chapter 1V” capacity design procedure of the vertical and horizontal boundary elements
is explained. “Chapter V”” includes the parametric study undertaken to quantify the effect
of boundary frame flexibility on the variation of the tension stresses in the web plate of

SPSWs. Ultimately, “Chapter V1” covers the summary and conclusions of the study.



CHAPTER II

LITERATURE REVIEW

2.1. Studies on Inclination Angle of Tension Field

2.1.1. Study of Thorburn, Kulak and Montogomery (1983)

In the early to mid-1980s Thorburn et al. (1983) was conducted a study to review
the existing steel plate shear walls system which were designed as stiffened plates to
observe the development of less shear stresses in the panel than the critical shear buckling.
However, the theoretical approach revealed intrinsic post-buckling strength in a steel

plate.

As a result of this, Thorburn et al. (1983) developed complementary method of
analysis for steel plate shear wall. An analytical model was developed to study the
resistance of story shear provided by buckled web functioning as tension field in a real
sized plate. Modeling of the tension zone developed in a buckled shear wall could be
accessible analytically by dividing the panel into the series of inclined truss members that
orients as a series of pin ended tension only truss members which is represented in Figure
(2.1). All of the trusses have the equal width and they were adjusted with the same angle
of inclination. With considering this model, equation 2.1 for the angle of inclination was
proposed by Thorburn et al. (1983). Resulting stress distribution in the thin steel plate

orients at the same inclination as the diagonal tension stress.
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Figure 2.1. Typical one story strip model represented by Thorburn et al. (1983)

2.1.2. Study of Timler and Kulak (1983)

Timler and Kulak (1983) aimed to validate the proposed analytical model of
Thorburn et al. (1983) with physical testing of the system in order to examine the

adequacy of the proposed post buckling model.

A frame with the scale of actual building and one-story height with aspect ratio
equals to one was tested under both cyclic loading to the serviceability limit and loading
to the failure. All the beam to column connection of the frame were connected by pin

joints. Specimen was loaded in an incremental way. Initially, the specimen was subjected



to cyclic loading three times up to the permissible deflection limit in each direction. A

final test was conducted until the test frame reached its ultimate capacity.

As a result, it has been observed that the load deflection response of the actual
test frame is similar to the results obtained from the analytical model. Good agreement
was obtained in comparing the predicted stresses in the strips by Thorburn et al. (1983)
with actual stresses emerged in the web plate. From the final results of analyzing single
story panel with the aspect ratio equals to one , it was concluded that simplified analytical
method for thin steel plate shear wall offered by Thorburn et al. (1983) was a satisfactory

approach.

In sequence, Timler and Kulak (1983) observed some shortcoming in the
inclination angle of tension field, equation 2.1 developed by Thorburn et al. (1983). They
identified that the bending effect of the horizontal component of the tension field force
acts on the column. Consequently, they proposed a modification for the equation 2.1
which includes column stiffness (Ic) to make it more accurate. Timler and Kulak (1983)

proposed equation 1.1 for calculating the inclination angle of tension field.

2.2. Studies on Stiffness and Characteristic of the Boundary

Elements

2.2.1. Study of Thorburn, Kulak and Montogomery (1983)

Using strip model proposed by Thorburn et al. (1983) which was shown in figure
2.1, parametric studies were undertaken to examine the effects of the column stiffness,
web thickness, panel dimensions, on the strength and stiffness characteristic of the shear

wall.
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The results depicted that column stiffness influences the strength and the
characteristic of the steel plate shear wall. For very rigid columns, thin steel plate of the
wall gets stiffer. For the flexible column, variation of the tensile forces across the web
plate increase and consequently, compressive stresses enhance in the corners of the plates
which lead to the reduction in the effectiveness of the web. Normally, maximum stresses
should occur at the middle part of the steel plate and it decreases toward the edge of the
plate. For the single-story plate, the load carrying capacity of the steel plate increases as
the thickness of web utilized increases. As the plate height increases, lateral stiffness

reduces and similarly, increment in length increases the stiffness of plate.

2.2.2. Study of Caccese, Elgaaly, Chen (1993)

Caccese et al. (1993) was investigated the seismic behavior of unstiffened thin
steel plate shear wall under lateral loading induced to a structure by earthquake or wind.
The objection of the study is to evaluate the seismic performance of the thin steel plate
shear wall. In this study, two major parameters of beam to column connection and steel

plate slenderness ratio were considered.

Experimentally, cyclic tests were undertaken to five, three-story Y% scale
specimens that include three specimens with varying plate thickness such as 0.76 mm,
1.9 mm and 2.66 mm with moment resisting beam to column connection and two
specimens with shear beam to column connections with plate thickness equal to 0.76 mm
and 1.9 mm. Lateral loading was applied to the top of the third story of the specimen to
a maximum displacement of 2% drift. At this point if the specimen was intact, it is pushed

monotonically to the maximum displacement limit of the actuator.

It was concluded that utilizing slender plate in shear wall increased the stiffness,

load carrying capacity and energy absorption in the system. Inelastic behavior of the
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system commenced by yielding of the unstiffened plate and plastic hinge formation in the
columns governed the system strength. Be that as it may, with the thick plate failure mode
of the system governed by column instability before the development of yield strength in
the plate. Therefore, only negligible increase in system strength was achieved. They were
also concluded that with thin plate the system elastically responds to a minor seismic
event. Final remarks of this study emphasized the importance of using slenderer plates
since they allow sufficient energy absorption and safer approach compared to previous

model.

2.2.3. Study of Elgaaly, Caccese, Du (1993)

Elgaaly et al. (1993) used finite elements methods to verify the experimental
results that achieved by Caccese et al. (1993) and determined the behavior of the steel
plate shear wall up to their ultimate capacity. In the analyses, both material and geometry
nonlinearities were considered. The model consists of replacing the plate by diagonal

tension members as same as the strip model proposed by Timler and Kulak (1983).

It is found that the wall with thicker plate was not specifically stronger because of
the governing of the column yielding. In the finite element modeling, shell element was
used to model the web plate. Deformed shape of the three-story which is loaded from the

top and pushed monotonically is shown in Figure 2.2.
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Figure 2.2. Deformed shape of the specimen with three-story (Elgaaly et al., 1993)

It has been seen that the finite element method over-predicted the capacity and
stiffness of the system compared with the experimental results. Over-prediction of the
capacity and stiffness by finite element modeling was due to the difficulties in modeling
the initial imperfection and the inability to model out of plane deformation of the frame
members. On the other hand, thin plates that adequately anchored to the surrounding
boundary frame provided post-buckling strength several times greater than the elastic
buckling strength. The results were in a good agreement with the experimental results
with respect to initial stiffness, ultimate strength, and displacement at the ultimate

strength.

2.2.4. Study of Berman and Bruneau (2003)

Berman and Bruneau (2003) proposed a revised design procedure for the steel

plate shear wall using strip model due to the unconservative designs with lower ultimate
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capacity of resisting lateral loads than expected. While doing plastic analysis of the strip
model as an alternative, equation 2.2 was derived to obtain the appropriate plate thickness
for infill steel plate. Equation 2.2 could have been beneficial for controlling the failure
mechanism and structural over-strength. In equation 2.2, Vs is the design story shear and

Qs is the overstrength of the system.

2V.Q

t=——"—"— Eq (2.2)
F,Lsin2a

Single story and multistory steel plate shear walls were designed with simple and
rigid beam-to-column connection with respect to the fundamental plastic collapse
mechanism. Ultimate strength predicted from the collapse mechanism analogized with
the experimental result. The experimental results given for multistory specimens were
either those for the first story shear in the case of Driver (1998) and total base shear in

cases where loading was applied to the top story only in the work of Caccese et al. (1993)

and Elgaaly (1998).

Lastly, for single and multistory steel plate shear wall with simple and rigid beam
to column connections, failure mechanisms have been investigated. It was reported that
fundamental plastic collapse mechanism is proper for investigating the ultimate capacity

in comparison with the experimental results were in a reasonable agreement.

2.2.5. Study of Lopez Garcia and Bruneau (2006)

Lopez-Garcia and Bruneau (2006) aimed to investigate the seismic behavior of
the intermediate beams other than those at the roof and foundation level in a multi-story
steel plate shear wall. Primary issue was to determine the sufficient strength to avoid the

formation of in-span plastic hinges.
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Linear and nonlinear analysis were performed for analyzing the intermediate
beams of the four SPSWs with four stories. All four infill plates of SPSWs located at the
central part of the frames with three bays. Their intermediate beams were designed to
resist three kinds of forces: (I) Forces imposed by gravity forces only; (Il) forces
determined by the ASCE7, American Society of Civil Engineers load combination
(ASCE, 2005) and (111) forces imposed by fully yielded plates. A schematic view of the

considered SPSW is illustrated in figure 2.3.

It was concluded from the analyses results that the intermediate beams designed
based on the criteria | and 11 tended to subject to plastic deformation and plastic hinging.
SPSWs designed with the forces imposed by fully yielded plates exhibited inelastic
deformation only at the ends of the beams and in the infill plate even the occurrence of

plastic collapse mechanism.

Roof beam

Intermadiate

beams o

Steel plates

N

\_-\‘—\* )
":}-\ Columns

Foundation beam

Figure 2.3. Schematic of SPSW considered by (Lopez-Garcia and Bruneau, 2006)
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2.2.6. Study of Berman and Bruneau (2008)

Berman and Bruneau (2008) reviewed the current approaches presented in AISC
341-05 which is commentary for determination of capacity design loads for the VBEs of
SPSWs. Afterwards, new procedure was proposed that uses fundamental plastic collapse
mechanism and linear beam analysis to approximate the design actions for VBEs of
SPSWs for given web plates and horizontal boundary elements sizes. To make it practical,

proposed procedure did not include nonlinear analysis.

Two four-story SPSWs configuration were considered nominally known as
SPSW-V with minimum plate thickness required for the design story shear forces variable
at each story and SPSW-C with minimum available plate thickness constant all over four

story. SPSW-C and SPSW-V is shown in Figure 2.4.
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Figure 2.4. Four story (a) SPSW-V and (b) SPSW-C retrieved from Berman and

Bruneau (2008)

The resulting VBE design loads estimated using both current and proposed design
procedures compared with the loads determined by nonlinear pushover analysis.
Nevertheless, these methods did not necessarily exhibit desirable VBE capacity design
while nonlinear static analysis includes more accurate results which can be tedious for
broad use in design. Accordingly, for estimating VBE design loads combined with linear
elastic beam model was proposed to investigate the axial forces in the HBES with uniform
plastic collapse mechanism. Estimated lateral seismic loads leaded to full web plate
yielding and formed plastic hinging at HBEs end. For this method, it was sufficient to

involve only linear computer analyses without development of the strip model and should
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involve strength demands for hinging of the HBE ends. Conclusively, moment and axial
force diagrams of the proposed uniformed plastic collapse mechanism and linear model
of one of the vertical boundary elements were compared. It has seen that from the moment
and axial force diagrams of pushover analyses, both SPSW-V and SPSW-C are in a good

agreement.

2.2.7. Study of Bing Que and Bruneau (2010)

In this research analytical works were conducted to evaluate the adequacy of
flexibility limit factor (Cz) specified for VBE by Qu and Bruneau (2010). Based on the
AISC 341-05, for preventing undesirable behavior of the columns minimum moment of

inertia was required for the vertical boundary elements in steel plate shear walls.

For conceptual understanding of behavior of the vertical boundary elements in a
SPSW, Wagner (1931) described SPSW as a system similar to the cantilever vertical plate
girder. In sequence, by the analytical work done by Wagner (1931) and Kuhn et al. (1952)
an equation has been derived (equation 2.3) that limited the columns flexibility in a plate
girder theory based on elastic behavior. In this equation omax and omean represent the

maximum and average of web plate tension force.

o-max = (1+C2)Gmean Eq (2'3)

By the time passing, they made it clear that between the behavior of the SPSW and plate

girder there were many significant differences.

To check the shear yielding of the VBESs some experimentally tested SPSWs were

selected and strip model for conducting analytical model was developed. All the

18



specimens were modeled with 20 strips as infill plates and corresponding maximum VBE

shear obtained from the pushover analysis using SAP2000.

As aresult, it was revealed that undesirable pull-in deformation of the VBE were
principally caused by the VBE shear yielding and literally not correlated to the flexibility
factor. Continuously, energy method was undertaken to determine the approximate values
of the critical out of plane buckling strength of VBE. It was seen that the flexibility limit
(ot) was uncorrelated with the satisfactory of the in plane and out of plane buckling

performance of the VBE.
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CHAPTER 111

FINITE ELEMENT MODEL AND MODEL VALIDATION

3.1. Strip Model

Modeling of the web plate of SPSW could be conducted with two different
approaches, namely, the continuum model and the strip model. In the continuum model,
web plates are modeled using shell elements with a specified initial imperfection so that
the out-of-plane buckling behavior of web plates is explicitly simulated. Strip model is a
simplified model used to simulate the post-buckling behavior of the web plate under
lateral loading and the tensile yielding of the web plate at the calculated inclination angle
of tension field, a. In this method, series of parallel evenly spaced diagonal tension-only
truss elements with the same sectional area connected to the surrounding beams and
columns represent the inclined tension field fold lines in the web plate. The cross-
sectional area of a strip is given in equation 3.1. Typical strip model is depicted in figure
3.1(a). It should be noted that in figure 3.1(a) for the sake of clarity, strips in one direction
have been depicted.

_ [ L, cos(ar)+h,sin(a)]t,

S

Eq (3.1)

In this study, strip model selected and modeled in OpenSEES (McKenna et al.,
2000) in order to represent the post-buckling behavior of the web plate. Two dimensional
SPSW that is modeled for this study is illustrated with strips in two directions in figure

3.1(b) schematically.
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Figure 3.1(a). Strip model with strips in one direction
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Figure 3.1(b). Two-dimensional modeling of the SPSW

As a material for the web plate, “hysteretic” material is adopted which is available
in the OpenSEES material library. Hysteretic material is used to construct with an
insignificant compressive strength and uniaxial bilinear response under tension with
pinching of force and deformation. Tension-only behavior of the web plate presented in

figure 3.2. Since, when unloaded after an incursion into the inelastic range (point a), a

21



strip exhibits residual deformations (point b), tensile stresses will not develop in the next
cycle in the same direction until point ‘b’ is reached. This hysteretic behavior caused
pinching effect (Sabelli and Bruneau, 2007). For representing the web plate as a series of

strips, co-rotational truss elements are used to simulate the web plate behavior.

strip
b
force 4
a
* L
iy
‘ -
»
b
strip
deformation

Figure 3.2. Tension-only Behavior of the Web Plate (McKenna et al., 2000)

Subsequently, for the VBEs and HBEs “steel02” is used as a material with an
isotropic hardening. Behavior of the “steel02” is represented in Figure 3.3. For modeling
beams and columns in OpenSEES nonlinear force-based beam-column elements which

consider the distributed plasticity along the elements is used for boundary elements.

22



100

80

W I
/
/

20 —F—

Stress [ksi]

1
e
"1
-

-0010 0000 0010 0020 0030 0040 0050 0060
Strain [in/in]

Figure 3.3. Hysteresis Behavior of the Boundary Elements of SPSW (McKenna et al.,

2000)

As it can be seen in figure 3.1(b) all of the strips are connected to the surrounding
boundary frame with rigid links to represent the end offsets. As an element, Elastic beam
to column elements is used. For constructing the rigid links, elements with considerable

sectional area is considered to simulate the very stiff behavior of these elements.

3.2. Validation of the Strip Model

To validate the strip model, a SPSW specimen tested by Lubell et al. (2000) was
chosen and was modeled in OpenSEES (McKenna et al., 2000). Chosen SPSW is one
story height with one bay width designated as SPSW2 in Lubell et al. (2000). The test
conducted in both elastic and inelastic response regions of the specimens under fully
reversed cyclic quasi-static loading. The one-story test specimen stood for one bay of a
steel- framed office building core that is quarter scale. Unstiffened web plate had width
to height aspect ratio (L/H) of 1:1 with a column-to-column centerline spacing of 900
mm. For the beams and columns, the wide flange section S75X8 was used with the
continuous columns through the height of the building. For preventing the out of plane

displacement of the frame and anchoring the internal panel forces to the top beam of the
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SPSW2, an additional wide flange section S75X8 welded along adjoining flange was
integrated. A schematic of single panel SPSW2 is shown in figure 3.4. Material of
boundary frame had a yield stress of 380 MPa. For providing full moment connections at
all beam column joints, entire beam section continuously fillet welded to the column
flanges. Thickness of the infill panel was 1.5 mm (16 gauge) hot rolled steel plate and the

material had a yield strength of 320 MPa.
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Figure 3.4. Schematic view of SPSW2

The specimen was tested according to procedures as recommended in ATC-24
(1992), Guidelines for cyclic seismic testing of component of steel structures protocol. A
cyclic quasi-static analysis was undertaken in a force-controlled manner until to a point
in which displacement was achieved to significant yielding. SPSW2 subjected to three
cycle at each load level with a global yield corresponding to 190 kN base shear with a 6-
mm story displacement. At 6X6-mm story displacement system failure occurred due to
the column fracture. Formation of plastic hinges at the bottom and top of the columns

occurred due to inward deformation of the SPSW2 and in consequences taking on an

24



hourglass shape. Deformation and yielding pattern of specimen SPSW2 after the

completion of three cycles at 6X6-mm is illustrated in Figure 3.5.

Figure 3.5. Deformation and yield pattern of SPSW2 at 6x6-mm retrieved from Lubell

et al. (2000)

According to the section 3.1, SPSW2 of Lubell et al. (2000) is modeled in
OpenSEES as a strip model. Analogous to the experimental model 320 MPa is designated
as a yield stress to the web plate with a modulus of elasticity of 200 GPa and with a strain
hardening ratio of 0.5%. The yield stress of vertical and horizontal boundary elements is
380 MPa and strain hardening ratio is 0.5%. For modeling the web plate, 10 strips are
used with an inclination angle calculated based on equation 1.1 in both directions. All 10
strips are connected to the surrounding boundary frame with rigid links to represent the
end offsets. Bottom beam of the SPSW was anchored to the ground along its length and

columns bases are assumed to be fixed.

The base shear vs. horizontal displacement response of the numerical analysis is
given in Figure 3.6 and compared with the experiment of Lubell et al. (2000). As it can
be seen from OpenSEES results in the Figure 3.6, strip model is capable of predicting the

base shear during the loading accurately. However, the strip model does not accurately
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anticipate the lateral stiffness and overestimates it at small displacement levels almost

less than 4.5 mm (0.5% drift). From this observation, it is supposed that overestimation

of the elastic stiffness is associated with the fact that the panel zones were assumed to be

rigid in the model. In addition, the strip model does not capture the unloading strength

of the specimen, which is due to the web plates that are modeled with tension-only strips.

However, web plate has a certain compressive strength (Webster, 2013) which is

neglected in the OpenSEES model. For this study, adequacy of the assumed strip model

is proved since one-directional pushover will apply for investigating the influence of the

boundary frame stiffness on distribution of the stresses in the web plate. Therefore,

matching the base shear versus horizontal displacement of the loading part of the

experimental results with the OpenSEES results is essential in this study case.

Base Shear (kN)

260

L T 1 T

. | —— OpenSees
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Figure 3.6. Base shear vs. displacement of the experiment [adapted from Lubell et al.

(2000)] and the OpenSEES model.
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CHAPTER IV

STEEL PLATE SHEAR WALL DESIGNS

4.1. Design Procedure

In this section, design procedures of SPSWs are explained and necessary
requirement for ductility of the system are addressed. Incidentally, some general demands
for designing SPSWs was taken from AISC341-16 and AISC360-16, Specification for
Structural Steel Buildings (AISC, 2016c). Design of SPSW is intended to ensure ductile
performance based on the tension yielding of the web plate. VBEs and HBEs were
designed based on the forces corresponding to the web plate strength with referring to

AISC Design Guide 20 for Steel Plate Shear Walls by Sabelli and Bruneau (2007).

For high seismic regions, boundary elements of SPSWs are designed to permit the
web plate develop significant diagonal tension and allow web plate to reach its expected
yield strength across the entire web plate. Desired performance is aimed to prevent
yielding of the VBEs and HBEs prior to the yielding of the web plate. In the case of small
transverse stiffness of the VBE, uniform tension field cannot be developed across the
entire web plate and the strength of the system significantly reduced. VBEs and HBEs
are both designed to resist web plate tension forces acting inward on the SPSW through
the flexure at a derived inclination angle with equation 1.1, based on the geometry of the
frame and section properties of the beams and columns. Moreover, figure 4.1
demonstrates that the HBE at the top and bottom of the VBEs resist significant
compression induced by the inward flexure forces of the VBE in addition to the flexural

forces exerted by tension in the web plate. It demonstrates that the compression under the
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right VBE (Pvse(ighy) IS stabilized by the tension under the left VBE (Pvseef)) and

tension stresses in the web plate (otw) (Sabelli and Bruneau, 2007).

Lateral Load »

.« — v .
Gt
P

VBE(left) P\-’BE (right)

Figure 4.1. Idealized behavior of the SPSW retrieved from Sabelli and Bruneau (2007)

4.2. Design of HBE

For designing HBEs of SPSWs suggested procedure by Sabelli and Bruneau
(2007) is undertaken and it is shown in figure 4.2. Detailed information about the steps

of procedures are provided in the following sections.

28



Calculate:

» Moment

» Shear
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It is worth to mention that compactness of the web and flange of the W-shaped

section is satisfied based on the limits suggested by AISC 341-16 for compression
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Force & Flexure for Beams
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Finish

elements for highly ductile members.

4.2.1. Web Thickness Limit of the W-section for the HBE

Based on the effects of stresses of web-plate tension yielding on the boundary
elements, major axial force inserted to the HBE. In addition, required flexural forces at
the top and bottom HBEs is quite large. For the ductile system behavior, it is preferable
to choose a section for HBE which is at least as strong as the expected strength of the

web-plate. Recommendation for the minimum web thickness of the HBE in the SPSW
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Figure 4.2. Design process of the HBE




for the sections with different material grade is mentioned in equation 4.1 (Sabelli and

Bruneau, 2007).

t,R,F

wypyp
tnee = =
YHBE

Eq (4.1)

4.2.2. Plastic Section Modulus Limit of HBE

Excessive accumulation of the plastic deformation on the HBE could cause by the
plastic hinging within the span of the HBE. This incremental plastic deformation prevents
full yielding of the web plate and tolerates lower global plastic strength (Purba and
Bruneau, 2011, 2014). AISC 341-16 suggests two approaches for prevention of in-span
plastic hinging in the HBE with either choosing a section for HBE which has plastic
section modulus equal or greater than the value derived by equation 4.2 (Zaisc341) and
designing the HBE to resist the moment twice more the exact value.

o,

Zm%m1:Zélﬁ' Eq (4.2)

yHBE
In equation 4.2, oy is the vertical component of infill plate stress which is shown

in figure 4.3 and calculated with Equation 4.3.

o, = R Ft, cos” o Eq (4.3)

Ly

=

TITTTI7]

Figure 4.3. Vertical component of the distributed load exerted by infill plate on beam
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4.2.3. Shear Strength of Web Plate
Based on the angle of inclination from equation 1.1, #Vnis derived corresponding
to AISC 341-16 in accordance with the limit state of shear yielding in Equation 4.4.

N, =0.90(0.42)F 1, L, sin(22) Eq (4.4)

4.2.4. Axial Force in the HBE

Axial force in the HBE has two sources, firstly VBESs reactions due to the inward
forces from the web plate, equation 4.5 and secondly, effects of the web on the HBEs are

imposed by equations 4.5 and 4.6 respectively.

1

(s =5 R Fyp SN (22)L,L, Eq (4.5)
1

Prgeqves) = 2Rprypsm (@)th, Eq (4.6)

Half of the forces from equations 4.5 and 4.6 are considered for estimating the
axial force of the HBE based on the assumption by Sabelli and Bruneau (2007). For
instance, inward forces of the VBE calculated by equation 4.6 divided equally between
the top and bottom of the VBE and likewise, half of the forces from equation 4.5 imposed
on either side of the HBE. As a consequence, total axial forces on the HBE at the left side
and right side calculated with equation 4.7. Figure 4.4 schematically presents the total

axial force in the HBE.

1
Pree = 2 = Peseee) £ 5 Peeuen) Eq (4.7)

I\JI—‘
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Figure 4.4. Total Axial Force (Punge) in the HBE

4.2.5. Flexural Forces of the HBE

Required flexural forces of the HBE can be significantly large at the top and
bottom of the SPSW. Formation of the plastic hinges could be assumed that caused by
the same flexural forces at the ends of the beams. Accordingly, HBEs are assumed to be
strong enough and are designed to resist web plate tension by assuming them as a simply
supported beam. Required flexural forces of the HBE calculated from the loading defined

by equation 4.8. In this study gravity loads were not considered.

Myeey =—o— Eq (4.8)

For imposing the second order effect (P-6) for each member subjected to compression
and flexure, based on the AISC360-16, B1 is used to find Mrwsg) with equation 4. 9. In
this study calculation of P-A effect is ignored since the SPSWs are capacity designed with

referring to assumption considered by Sabelli and Bruneau (2007).
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Mr(HBE) = BlMu(HBE) Eq (4.9)

B =—7f Eq (4.10)

In which, Cmis conservatively taken as 1.0 and Pe1 is calculated by equation 4.11.

2
7°El
ChT Eq (4.11)
Besides, the shear developed by web plate tension should be considered. Total shear in

the left and right side of the HBE is given in equations 4.12 and 4.13 and the maximum

absolute value has chosen to be the required shear strength of the HBE.

M +M

r(Le r(Ri a)u
Vi = — =L Eq (4.12)
p
M +M )
(Left) (Right) u
Vigig = L e b Eq (4.13)

p

In this study, presence of the axial forces at HBE-to-VBE connections cause a
reduction in flexural strength (Mpr) of the beams which is calculated with equation 4.14

at the plastic hinges location, thus, lower shear strength is required for the connections.

M,, =C,RF,Z Eq (4.14)

proy " yTx
Reduction of the flexural strength can be calculated by adopting the interaction equation

available in AISC360-16. Reduced flexural strength ( My, ) at the left side and right side

of the HBE is:
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When;

PuHse) (Left/Right)/Py <0.2

. 1(P
M =M, [1—5[%]} Eq (4.15)

P
M, ==M, {1—ﬁ} Eq (4.16)

In equations 4.15 and 4.16, Py is axial yield strength of the HBE and can be calculated by
multiplying the Ap and Fynse. Furthermore, Cpr adopted from AISC358-16, Prequalified
Connections for Special and Intermediate Steel Moment Frame for Seismic Applications
(AISC, 2016b) and can be expressed as following equation 4.17.

_ F,+F, -

<12

y

Consequently, calculated required shear strength for HBEs should be higher than
the design shear strength of the HBEs and combined axial forces and flexure for HBE
should be satisfied. It should be noted that the lateral torsional buckling did not considered
in HBE design since presence of the slabs in each floor elevation prevents the lateral
torsional buckling in beams and therefore compression strength is governed by major axis

(x axis) buckling. In this study K is taken conservatively as 1.
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4.3. Design of VBE

In high-seismic design of the SPSWs, the failure of the VBE under overturning
forces should be prevented at the forces corresponding to yielding of the web plate. For
achieving this, it is sufficient to design the VBEs for the sum of the shear strength of the

shear strengths of the connected web plates (Sabelli and Bruneau, 2007).

Design procedure of the VBE is undertaken based on the steps mentioned in figure
4.5. It should be mention that the web and flange compactness of the VBES should satisfy

the limits for compression elements in highly ductile members suggested in AISC341-16.

Design Column

Calculate: Check:

» Moment ” > Stiffness (Eq. 1.4) Not ok -
» Shear ) Ok # Flange Compactness -
» Axial Force » Web Compactness

Not ok
Check Shear Strength >
Ok
Check Combined Not ok

v

Compression & Flexure

Ok

Check Strong Column- Not ok
Weak Beam

Y

Ok

A

Finish

Figure 4.5. design process of the VBE

4.3.1. Axial Force in VBE

The axial compressive strength of the VBE can be calculated by the sum of the

web plate strength with the addition of the sum of the HBE shears, equation 4.18.

35



Pl (compression :Z Ryp':yp sin(2a)t,h +ZV Eq (4.18)

Due to the division of the seismic tension forces between the web plate and HBE, tensile
forces in the VBE are significantly lower than the corresponding compressive seismic
forces of the opposite VBE. For estimating the seismic axial tension force in VBE, sum
of the beam shear forces separating into two parts: (a) beam shear due to plastic hinge
formation which acts upward and (b) web plate tension forces on the HBE which acts

downward. The expression is as following:

r +M r(Ri @,
Pu(Tension) - Z RYP FYP Sm Za t h +Z p — o _7),[) Lp Eq (419)

P

4.3.2. Flexural Forces of the VBE

Flexural forces of the VBES can be calculated by assuming the fix ends for both
VBEs. Total flexural forces of the VBESs includes the contribution of the web plate tension
and forces from HBE plastic hinging and it can be estimated separately and then

combined.

The moment induced by the web plate tension (Mvse web)) at the connection is:

M _ R, F,sin’(a)th?

VBE(web) — 12 Eq (4.20)

Based on the flexural strength of the beams which is reduced by the presence of the axial
force, the moment from HBE plastic hinging is calculated. The flexural force at the
connection of the VBE (Mvsesg)), is considered conservatively equal to one-half of the

moment at the HBE due to the plastic hinging, (Mpb).
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1
MVBE(HBE) :EZMpb Eq (4.21)

Where,
M, =M, +V,s, Eq (4.22)

In equation 4.22, Vush is the additional moment due to the beam shear from the location
of the plastic hinge to the column centerline and snis the distance from center of the plastic
hinge to the center of the VBE according to AISC358-16. In this study it is assumed that

hinges formed at the end of the HBE, therefore, snis equal to one-half of the VBE depth.

I
E f Plastic hinge
e 0

Figure 4.6. Flexural force exerted to the column due to the shear at the plastic hinge

location retrieved from Sabelli and Bruneau (2007)

Subsequently, total flexural force in the VBE is calculated with Equation 4.23 with
considering the P-5 effect. In this study calculation of P-A effect is ignored since the
SPSWs are capacity designed with referring to assumption considered by Sabelli and

Bruneau (2007).

Mu(VBE) = MVBE(web) + MVBE(HBE) Eq (4.23)
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For implementing the P-o effect following procedure is undertaken.

Mr(VBE) = BlMu(VBE) Eq (4-24)
Where;
B = Gy
"1 Puconpresion Eq (4.25)
P

el

In which, Cmis conservatively taken as 1.0 and Pe1 is calculated with equation 4.26.

7°El
Py = TVBE Eq (4.26)

4.3.3. Shear Force in the VBE

Shear in the VBE formed as a consequences of web plate tension and the part of

the shear in the HBE which is not resisted by the web plate.

The shear due to the web plate tension is:

Vit (weby = 1R F sin? (a)t,h, Eq (4.27)

2 P~ yp

And the shear due to hinging of the HBE is estimated by equation 4.29 as follows:

(M,
Viee(Hee) = ZE(Tp] Eq (4.28)

p

where, Mpc is plastic bending moment of the column and it is equal to expected flexural
strength of the beams at plastic hinge location. In sequence, total shear force of the VBE

is equivalent to:
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vV, :VVBE(HBE) +VVBE( Eq (4.29)

web)

It should be stated that lateral torsional buckling in the VBEs and bending of the section

about the major axis are considered.

4.4. Strong-Column/Weak-Beam Check

Strong-column/weak-beam requirement should be satisfied in conformance with
AIS341-16. In this section the aim is to prevent the significant inelastic deformation
capacity of the HBEs through flexural yielding and design VBEs stronger than the fully
yielded or strain-hardened beams. For performing the strong-column/weak-beam
checking requirement. Following equation 4.30, specified relationship should be satisfied

at beam-to-column connections.

*

Mo > 10 Eq (4.30)

pb

In the above equation, M™ps is sum of the projection of the expected flexural strengths of
the beams at the plastic hinge locations to the column centerline. M”p can be calculated

as follows.

M ;b(Left/Right) = Z( M pr +Vu(Left/Right)Sh) Eq (431)
And total value of expected flexural forces at the beam plastic hinge location M

is equal to:

Eq (4.32)

pb(Right)

39



M™pc is sum of the projection of the nominal flexural strength of the columns above and
below the joint to the beam centerline and it is reduced by the axial force in the column.
The expected axial force is calculated based on the strength of the web plate and the beam

above. For the VBE in compression:

Z M ;CC = Z(Fy - Pu(Compression) / AgVBE ) Zx Eq (433)

And for the VBE in tension:
Z M ;cT = 2(Fy - Em(Tension) / Ag )Zx Eq (433)
Ultimately, total M*pc is equal to:

pc = M pcC + M pcT Eq (4-34)

4.5. SPSW Designs

Table 4.2 shows the 27 SPSWs designed for this study. The aim is to determine
the effect of increasing column stiffness on the distribution of the stresses in the web
plate. Pursuant to this goal, additional SPSWs are designed with the same plate thickness,
same aspect ratio, same beam section with changing column sections. There are 9 plate
thickness and 3 aspect ratios which is shown in table 4.1. Totally 81 SPSWs designed
based on the mentioned design procedure for VBE and HBE in the sections 4.1 and 4.2.
All of the 81 SPSWs tabulated in table 4.2. Additionally, naming method of the SPSW
designs are illustrated in the table 4.1. In this table x, y and z are the variables designated
for the aspect ratio values (Lp /Hp), different plate thickness and design options,
respectively. Design options indicates the stiffness of the column section. Design option

of 1 has the less stiff column section while the design option of 3 has the stiffest column
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section. For instance, if the aspect ratio is equal to 1, plate thickness is equal to 0.55 mm
and design option 1 is chosen, then the name of the design appears to be as D 1-1-1 with

respect to the numbers designated under X, y and z as shown below.

Table 4.1 Naming scheme of SPSW designs

Plate
Thickness Z
(mm)
0.55
0.79 1 1
0.95
1.27
1.98 2 2
2.38
3.17
3.57 3 3
4.36

Name of Aspect
Design Ratio

Design
Option

<

D-x-y-z 2 1.5

OO (N[OOI (W|IN|F-
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Table 4.2 SPSW designs

L=4000mm, h=4000mm

L=5500 mm, h=4000mm

L=6500 mm, h=4000mm

Name tw Beam Column Name tw Beam Column Name tw Beam Column

D-1-1-1 4 W14X68 D-2-1-1 ~ W14X132 | D-3-1-1 < W14X159
10 $ 10 2 10 <

D-1-1-2 | © 3 W14X74 D-2-1-2 | B X W14X145 | D-3-1-2 | 9 X W14X176
o = o N o N

D-1-1-3 = W14X82 D-2-1-3 = W14X159 | D-3-1-3 = W14X193

D-1-2-1 o W14X82 D-2-2-1 © W14X159 | D-3-2-1 < W14X193
o X o > o S

D-1-2-2 | R 5 W14X132 | D-2-22 | = X W14X176 | D-3-2-2 | = X W14X211
o = o N o N

D-1-2-3 = W14X145 | D-2-2-3 = W14X193 | D-3-2-3 = W14X233

D-1-3-1 © W14X132 | D-2-3-1 5 W14X176 | D-3-3-1 0 W14X233
—

D132 | & | & | wwaxis | p232 | & | & | wwaxi93 | D332 | @ | X | wiaxest
o < o N o [

D-1-3-3 = W14X159 | D-2-3-3 = W14X211 | D-3-3-3 = W14X283

D-1-4-1 ~ W14X132 | D-2-4-1 N W14X233 | D-3-4-1 Q W14X311
— —

D-1-4-2 | & X W14X145 | D-2-42 | N X W14X257 | D-3-42 | & X W14X342
— (qV] — o~ — o

D-1-4-3 = W14X159 | D-2-4-3 = W14X283 | D-3-4-3 = W14X398

D-1-5-1 0 W14X233 | D-2-5-1 = W14X342 | D-3-5-1 o W14X426
— — —

D152 | & | X | wwxes7 | D252 | & | X | w14x308 | D352 | & | X | W14X455
— ™ — oe) 1 ™

D-1-5-3 = W14X283 D-2-5-3 = W14X426 D-3-5-3 = W14X500

D-1-6-1 - W14X257 | D-2-6-1 o W14X550 | D-3-6-1 3 W14X500
[9V] (q\] —

D162 | ® | X | wi4xess | D262 | & | X | w14axeos | D362 | B | X | W14X550
N st o S N S

D-1-6-3 = W14X311 D-2-6-3 = W14X665 D-3-6-3 = W14X605

42




L=4000mm, h=4000mm

L=5500 mm, h=4000mm

L=6500 mm, h=4000mm

Name tw Beam Column Name tw Beam Column Name tw Beam Column

D-1-7-1 N W14X311 D-2-7-1 < W14X605 D-3-7-1 © W14X605
[9V} (90) AN

D172 | = | X W14X342 | D272 | = | X W14X665 | D-37-2 | = | X W14X665
™ - ™ N @ ™

D-1-7-3 = W14X398 D-2-7-3 = W14X730 D-3-7-3 = W14X730

D-1-8-1 o W14X342 D-2-8-1 10 W14X665 D-3-8-1 @ W14X730
[9V} (90) AN

D-1-82 | © X W14X398 D282 | B X W14X730 | D-3-8-2 | ® X W14X808
™ N ™ § ™ S’r

D-1-8-3 = W14X426 D-2-8-3 = W14X808 D-3-8-3 = W14X873

D-1-9-1 19 W14X730 D-2-9-1 3 W14X730 D-3-9-1 N W14X730
© © © 9 © ™

D-1-9-2 ™ X W14X808 D-2-9-2 ™ X W14X808 D-3-9-2 ™ x W14X808
< S < S < =

D-1-9-3 = W14X873 D-2-9-3 = W14X873 | D-3-9-3 = W14X873
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CHAPTER V

PARAMETRIC STUDY OF SPSW AND RESULTS

5.1. Details of SPSW Design

As a material, for the web plate ASTM A36 steel with Fyp equal to 250 MPa is
used. Besides, for the beams and columns ASTM A992 with Fy and Fu equal to 345 MPa
and 450 MPa are used respectively with modulus of elasticity of 200 GPa. Additionally,
based on the material used, Ryp and Ry values are taken from AISC341-16 and considered
to be 1.3 and 1.1 for web plate and beams, columns respectively. 0.5% and 1% strain
hardening ratio are considered for the web plate, beam and columns respectively. Moment
resistant connections are used for all HBE-to-VBE connections. The column bases are

assumed to be fixed connection while the bottom beam is not anchored to the foundation.

Later on, nonlinear pushover analyses are conducted in OpenSEES, and each
model is pushed monotonically from left to right up to a drift ratio of 5.0% to ensure the
full yielding of the web plate in a deformation-controlled manner. In this study gravity
loading is ignored. The aim of this parametric study is to observe the effect of boundary

frame stiffness on the development and variation of tension field stresses in the web plate.

5.2.  Analysis Results of SPSWs

5.2.1. Implemented Plastic Section Modulus Limit

As it is stated in section 4.2.2, for preventing the excessive accumulation of the
plastic deformation on the HBE, Zdatanase Which is the section properties of shapes taken
from AISC Steel Construction Manual (AISC, 2015), should be either equal or greater
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than the Zaiscsa: calculated with equation 4.2. In all of eighty-one designed boundary
elements for SPSWs with wide flange sections, higher value for plastic section modulus
is chosen. In figures 5.1, 5.2 and 5.3 normalized Zaiscss1 With respect to Zdatabase and aspect

ratios of 1, 1.5 and 2 are illustrated respectively.

As it can be seen in figures 5.1, 5.2 and 5.3, it is realized that in this case of study,
designed one-story SPSWs with the bottom beam not connected to the ground, Zaiscsa
values suggested by AISC341-16 only control the design of the beams in D-1-1, D-1-2,
D-1-3 and D-1-4. For the rest of SPSW designs with the considered plate thicknesses and
aspect ratios, Zdatabase Of the beam sections have greater plastic section modulus values.
From here it can be concluded that in the SPSWs similar to this case of study, Zdatabase for
SPSWs with aspect ratio of 1 and plate thickness more than 1.3mm and also in SPSWs

with aspect ratio of 1.5 and 2, are reasonable.

(5]
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D-1-11 D-1-2-1 D-1-3-1 D-1-4-1 D-1-51 D-1-6-1 D-1-7-1 D-1-8-1 D-1-9-1
(W16x31) (W16x45) (W18x46) (W21x57) (W12x190)(W12x210)(W12x252) (W12x279)(W14x665)
HBE Section

Figure 5.1. Normalized plastic section modulus in SPSWs with aspect ratio of 1
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Figure 5.2. Normalized plastic section modulus in SPSWs with aspect ratio of 1.5
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Figure 5.3. Normalized plastic section modulus in SPSWs with aspect ratio of 2
5.2.2. Stiffness Limit Implementation for Boundary Frame

All of the designed beams and columns are satisfied the stiffness requirements
given in equations 1.3 and 1.4. In figure 5.4, Normalized stiffness of the HBE is ratio of
the required stiffness of the HBE (equation 1.4) to the moment of inertia of the chosen
section. Similarly, in figure 5.5, Normalized stiffness of the VBE is the ratio of the
required stiffness of the VBE (equation 1.3) to the moment of inertia of the chosen

section.

It can be seen in figure 5.4 that SPSWSs with aspect ratio of 1, shear forces in the
beams become critical as the web plate is getting thicker. For instance, for the web plates
with 2mm plate thickness and more, shear force dominates in the beam mostly while PM
interaction is more critical in the columns in all of the designs (figure 5.5). Due to the
high shear force in the HBE with thick plates, stiffer columns are required with high

weight which results in increase in the weight of the building.

It is worth to mention that, once the aspect ratio is more than 2 such as 2.5, for
this case of study, it is unattainable to design boundary elements for thick web plate (more
than = 3mm) with the available W-shaped sections in AISC Shape Database (v15.0)
(Manual, 2005) since they do not satisfy the stiffness requirements for beams and

columns.
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In addition, for aspect ratios lower than 2, with the considered plates with different
thickness in this study, beams and columns mostly satisfies the stiffness limits due to the
fact that the chosen W-shaped sections already have the moment of inertia higher than
the estimated value by equations 1.3 and 1.4. Moreover, as it can be seen in figure 5.5
stiffness requirement for the columns in this case of study with single story and one-bay

SPSW is not necessary since PM ratio is more critical in the system.
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5.3. SPSW Pushover Analysis Results

5.3.1. Adequacy of Calculated Shear Forces in Columns and Beams

According to Sabelli and Bruneau (2007)

From the calculation of the total forces in the VBE and HBE according to the
capacity design procedure undertaken in chapter 4, it is concluded that the suggested
procedure was underestimated the ultimate shear force in the VBES based on the values

derived from nonlinear pushover analysis of SPSWSs performed in OpenSEES.

In figure 5.6, normalized shear force for beams and columns are illustrated. It
should be mention that required shear strength derived from pushover analysis in
OpenSEES normalized with required shear strength from design. As it can be seen in
figure 5.6, It is concluded that for this case of study, Design Guide underestimates the
required shear forces in the VBES since the required shear forces from pushover analysis
are approximately doubles the estimated value per Sabelli and Bruneau (2007). In other
words, the closed-form equations provided in the Design Guide, significantly
underestimates the shear force demands in VBEs. Since in most of the VBEs shear
strength does not dominated, underestimation is not critical, but it should not be ignored.
On the other hand, predicted shear forces in the HBEs are much accurate. For instance,
in the designs with aspect ratio of 1, estimated shear forces in the HBE are approximately
between 0% to 20% more than the shear forces from pushover analysis. Additionally, in
designs with aspect ratio equal to 1.5 and 2, required shear strengths estimated in capacity
design are between 0% to 10% less than the required shear forces from pushover analysis.
It should be mention that, underestimation of the required shear forces in capacity design
of the HBE might be critical because, require shear forces from structural analysis could

be more than 1. In the mentioned critical cases, design of beams should be repeated, and
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stiffer section should be assigned. This results stems from the fact that the closed-form
equations do not consider the depth of the boundary frame elements; however, the
horizontal component of the web plate stress acting along the boundary frame elements
due to the offset from the centerline of the boundary frame elements. As the aspect ratio
increases, deeper beams are needed; consequently, these secondary forces become
prominent. It is recommended the boundary frame depth be considered in design,

especially for high aspect ratio SPSWs.

2.80

717 U R S
X0\ R S —— A
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0.80
0.5 1 1.5 2 2.5

Aspect Ratio

Normalized shear of columns @ Normalized shear of beams

Figure 5.6. Normalized shear forces in columns and beams

5.3.2. Effect of Boundary Frame Flexibility on Stress Distribution in the

Web Plate

Subsequent to nonlinear pushover analysis of 81 SPSWSs, normalized base shear
versus drift of SPSWs with plate thicknesses of tw= 0.55 and tw= 4.36 and aspect ratios
of 1, 1.5 and 2 are illustrated in figure 5.7. In these figures base shear at the columns end

normalized with respect to the design shear strength of the web plates. For instance, as
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shown in figure 5.7, for one set of design such as D-1-1-1, D-1-1-2 and D-1-1-3, with
aspect ratio of 1 and 0.55 mm plate thickness, normalized capacity curve of SPSWs are
demonstrated in one figure. As it is mentioned before all of the SPSWs in one set are
designed with constant beam section and increasing column section such that the third

designs option in all sets have the stiffest column section among two others.

The observation can be done from the normalized base shear for all designs
presented in figure 5.7 and figures A.1, A.2 and A.3 in appendix A. From figure 5.7 and
figures A.1, A.2 and A.3, it is concluded that in all of the design sets stiffest columns have
higher lateral stiffness in the elastic range. It should be mention that, for the drift ratio
over 1%, column stiffness affect the lateral stiffness and lateral strength as expected while
the web plate yield and plastic hinges formed at the both end of the top beam and at the
base of the left and right columns. In post-yield region boundary frame provides full

tension yielding in the web plate.

Additionally, in designing D-1-2-2, due to the compactness requirement of W-
shaped sections for highly ductile members, W14x132 replaced with the W14x99 in
columns and approximately, 25% increment in stiffness is observed by referring to the

figure A.L.

51



10 : : 10
gl D-l-l1 | i
D-1-1-2
P D-1-1-3 @
- = <
‘—;_ [ B =
) S
£ z
= =
= 4 < : .
> > N N : N
. , D-1-9-1 (Va0 =2043kN)
D-1-9-2 (Vn oo =2037kN)
: : D-1-9-3 (Vn o =2026kN)
0 i i i i 0 I I I T
0 0.01 002 0.03 004 0.05 0 0.0 0.02 0.03 0.04 005
Drift Drift
8 8
6 Forerr e
Y W
5 5
= B
= = H
=§ S 4 i
: : =
2 é : z
> | 'Vn =388kN > : - :
: web plate _
b 2L ———D-29-1(Vn o S293TKN)
D-2-1-1 — D-2-92(Vn =2931kN)
D-2-1-2 webplate
0 : : . D-2-1-3 . ———D293(Vn 1 S2919KN)
0 0.0l 0.02 0.03 0.04 0.05 0 001 0.02 003 004 0.05
Drift Drift
7 7
6
2 o
3 3
2 [
5 5 g4
== i z
: =
2’ : : > 3
> | 'Vn = 463kN N : : ‘ ;
2ol web plate ' 2 — D-3-9-1(Vn =3533kN) f
D-3-1-1 webplate
Lt ——D-3-1-21 1 He ——D-3-92(Vn e T3527KN) |
. —— D313 —D393(Vn 1 S3SISKN)
0 I I I I
0 00L 002 003 004 005 0 001 002 003 004 005
Drift Drift

Figure 5.7. Normalized base shear versus drift of proposed design with tw=0.55
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Figure 5.8 shows the distribution of the web plate stress acting on the boundary
frame along the beams and columns at drift ratio of 0.2% with plate thickness of 0.55 and
4.36 and aspect ratio of 1. Also, figure 5.9 shows the cavg of the 50 strips connected to
the boundary frame elements at 0.2% drift. As seen in the figure 5.9, at 0.2% drift, with
considering stress in all 50 strips, cavg Of the strips connected to the bottom beam and
right column are approximately equal to 150 MPa and 200 MPa for 0.55 mm plate
thickness and 4.36 mm plate thickness respectively. This mentioned values for the web
plate stresses are lower than the cavg Of the strips connected to the top beam which are
between 190-197 MPa and 269-278 MPa and cavg Of strips connected to the left column
which are between 183-191 MPa and 269-278 MPa for the 0.55mm and 4.36 mm plate
thickness respectively. From these values for all plate thickness, it can be concluded that
in frames with aspect ratio of 1, anchorage of the web plate provided by the top beam and
left column is higher than the bottom beam and specially the right column regardless of

the high flexural stiffness of the columns.
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Figures 5.10, 5.11 show the omax and omin both normalized with the expected
yield stress of the web plate for the designs with aspect ratio of 1. As it can be seen in
figures 5.9, 5.10 and 5.11, with the increasing column stiffness, Gavg in the strips increase
which imply that increasing column stiffness provides better restraining to the web plate
with reduction in the deflection. Also, at this drift, omin and omax Of the web plate are

affected slightly by the increasing stiffness in the column section.
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Figure 5.11. Normalized omax Of the web plate in SPSWs with L/H

From omax/RypFyp in the figure 5.11, it can be assumed that the maximum stress in

the web plate provide by strips which is connected to the top beam in one end and the left

column in the other end and omax and omin in these strips affected more by increasing

stiffness of the columns. Additionally, figure 5.8 is the approval to the observation that
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the maximum stress is occur adjacent to the right end of the top beam and bottom end of
the left column, respectively. In other words, strips which are closer to the top left and
right bottom beam to column connection carry less tensile stress. Figure 5.12

schematically depicted the strips with maximum stress in SPSWs with aspect ratio of 1.

/ Maximum Tension Stress

Figure 5.12. Schematic location of maximum stress in the strips in SPSWs with L/H=1

Figure 5.13 shows the stress distribution of the web plate along the boundary
frame and figure 5.14 shows the average stresses in the strips, it can be understood that,
at 2% drift, the entire web plate yield in tension and increasing column stiffness does not
have any effect on the distribution of the web plate stress as long as the boundary frame
capacity designed. In SPSWSs with aspect ratio of 1, at both left and right columns bases
and at both ends of the top beam plastic hinges formed while bottom beam remains

essentially elastic in all of the designs.
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Figure 5.14. cavg Of the strips connected to the surronding boundary frame elements for

all designs at 2% drift with L/H=1

In figure 5.15 distribution of the web plate stress acting along the beams and
columns at drifts of 0.2% with chosen 0.55 mm and 4.36 mm plate thicknesses and aspect
ratio of 1.5 is depicted. Figures 5.17 shows the cavg of the 50 strips connected to the

surrounding beams and columns of all designs at 0.2% drift with aspect ratios of 1.5.

From figures 5.15 and 5.16, at 0.2% drift, it can be seen that the Gavg OFf the strips
connected to top beam and bottom beam with 0.55 mm plate thickness and aspect ratio
of 1.5 are between 198-203 MPa and 180 MPa respectively. Similarly, web plate with
4.36 mm plate thickness has the cavg Values between 212-219 MPa and 190 MPa for the
strips connected to top and bottom beam respectively. On the other hand, cavg values are
for strips connected to the left column and right column with aspect ratio of 1.5 are
between 174-179 MPa and 143-141 MPa for 0.55mm plate thickness and between 196-
204 MPa and 163 MPa for 4.36 mm plate thickness. From the results it can be concluded

that in SPSWs with aspect ratio of 1.5, and thin web plate anchorage provided by the top
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beam and bottom beam is more than the left and right column. As the web plate get thicker

anchorage provided by the left column and top beam is increasing.
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Figure 5.16. cavg Of the strips connected to the surrounding boundary frame elements

for all designs at 0.2% drift with L/H=1.5

Likewise, in figure 5.17 distribution of the web plate stress acting along the beams
and columns at drifts of 0.2% with chosen 0.55 mm and 4.36 mm plate thicknesses and
aspect ratio of 2 is depicted. Figures 5.18 shows the cavg of the 50 strips connected to
the surrounding beams and columns of all designs at 0.2% drift with aspect ratios of 2. It
could be observed in figures 5.17 and 5.18 that, at 0.2% drift, the cavg of the strips
connected to top beam and bottom beam are between 199-204 MPa and 193-195 MPa for
0.55mm plate thickness and aspect ratio of 2. In sequence, cavg values are between 255-
263 MPa and 245-248 MPa for the 4.36 mm plate thickness with aspect ratio of 2 for the
strips connected to top and bottom beam, respectively. In this aspect ratio, cavg of the
strips connected to the left and right columns are between 170-175 MPa and 160-156
MPa for 0.55 mm plate thickness and between 230-236 MPa and 208-204 MPa for 4.36

mm plate thickness respectively.
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for all designs at 0.2% drift with L/H=2

From the average stresses of web plates of the SPSWs with aspect ratio of 2 (figure
5.18), it can be concluded that in SPSWs with higher aspect ratios, top and bottom beam
provide better anchorage for the web plate even though in capacity designing of the
SPSWs, columns with high flexural stiffness are assigned. However, in aspect ratios equal
to 1.5 and 2 with the increasing column stiffness, cavg Of the strips that are connected to
top beams and bottom beams on both side and the strips connected to the top beams in
one side and the left column on the other side increase. This means that increasing column
stiffness provides better restraining by beams and left column of the SPSWs. On the other
hand, in these aspect ratios, by increasing columns stiffness, average stress imposed by
the strips to the right columns decreased. These phenomena refer to the fact that better

restraining provides by the beams which leads the SPSW to the smaller deflection.

Additionally, figures 5.19 to 5.22 show normalized omax and omin with respect

to the web plate yield strength at drifts of 0.2% and aspect ratios of 1.5 and 2 respectively.
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Similar to the SPSWs with aspect ratio of 1, at 0.2 % drift, omin and omax of the beams

and column with aspect ratio of 1.5 and 2 are not affected by the increasing column

flexural stiffness considerably.
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Figure 5.22. Normalized omax Of all 50 strips in SPSWs with L/H=2
It can be noted that the maximum stress occurs closer to the right end of the beam
and the left end of the beam in the top beam and the bottom beam (from figures 5.15 and

5.17) which implies to the fact that the strips connected to the top beam in one end and to

the bottom beam on the other end resist higher tensile stresses and strips connected to the
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columns in one end and to the beams on the other end resist lower tensile stresses. Figure
5.23 schematically depicted the strips with maximum stress in SPSWSs with aspect ratio

equal to 1.5 and 2.

~

Figure 5.23. Schematic location of maximum stress in the strips in SPSWSs with

Maximum Tension Stress

L/H=1.5 and L/H=2

According to the web plate stress distribution in figures 5.24 and 5.25 and related
oavg Values in figures 5.26 and 5.27 it can be easily seen that in either SPSWs with aspect
ratio of 1.5 and 2, all of the strips yield at 2% drift and column stiffness do not have any
effect on the web plate stress distribution. It is worth to mention that, after yielding of the
entire web plate bottom beam remain elastic while the hinges form at both bottom and

top beams ends and left and right columns bases.

In advance, it should be stated that the rest of the cavg Of strips, normalized Gmin

and omax for all SPSWs are tabulated in appendix A.
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Figure 5.25. Web plate stress distribution along the boundary frame at 2% drift with

L/H=2
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5.3.3. Relationship between Flexibility Factor and Stress Variation in the

Web Plate

Kuhn et al. (1952) expressed the stress amplification factor C2 as shown in
equation 5.1 and used the equation for the analysis of curved shear webs working in the
diagonal tension. To characterize the uniformity of the elastic web tension field stress in
the strips, amplification factor, Cz is employed to capture the differences between the
maximum and mean stresses. In this study, omax and omean Of 50 strips are considered.
Large value of Cz shows the difference between the omax and omean Which is indicating the

less uniform web tension field.

C,=—-1 Eq (5.1)

Demanding minimum flexural stiffness of VBE and HBE to ensure the uniformity of
elastic infill tension in the web plate and avoid undesirable VBE and HBE behaviors,

normalized VBE flexibility limit with respect to HBE flexibility limit is given in equation

5.2.
h [1,h

=—4/— Eq (5.2

a)tnorm L 3 I L q( )

Figure 5.28 shows the relationship between stress amplification factor and normalized
flexibility factor (wwmorm) in five different drifts such as 0.2%, 0.3%, 0.6%, 1% and 2%.
As seen in figure 5.28, at drift ratio such as 0.2%, difference between omax and cmean (C2)
are higher. In other words, at these drift ratio distribution of the stresses in strips are less
uniform. As drift levels of SPSWs progressively increase, web plates develop uniform
tension fields (region that strips are yielded) and the difference between the Gmax and omean

decreased.
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Figure 5.28. Relationship between normalized flexibility factor, C2 and drift

In the following, using surface fitting in MATLAB® (Moore, 2017), we propose

a closed-form expression for C2 which is an explicit function of ®worm, drift and aspect
ratio. In figure 5.29, we present the data of Cz versus wmorm and drift at the aspect ratio of

1, 1.5 and 2. Based on curve fitting in MATLAB®, C2 can be approximated as

C2 =0.788x1077 (a)morm)—l.037 < (Drift)—Z.OlB % (AspeCtRatio)o.nZ

Eq (5.3)

In figure 5.29, fitted curves are presented for aspect ratios of 1, 1.5 and 2. From figures,

it can be verified that the proposed expression provides an acceptable fit for all obtained

data through pushover analyses in different scenarios under considerations.
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CHAPTER VI

SUMMARY AND CONCLUSION

6.1. Summary

As a lateral load resisting system in high seismic regions, steel plate shear walls
are preferred due to their high strength and stiffness. AISC341-16 presents the stiffness
limits for beams and columns of the steel plate shear walls to ensure that the web plate
entirely yield in tension prior to the yielding of the beams and columns. In this thesis a
parametric study has been conducted to investigate the influence of boundary frame

stiffness on the variation of stresses in the web plate of steel plate shear walls.

In this study a simplified model known as the strip model which includes series
of evenly spaced tension-only inclined truss elements connected to the beams and
columns is employed to simulate the tension field behavior of the web plate under lateral
loading. Cyclic quasi-static analysis of one-bay one-story SPSW tested by Lubell et al.
(2000) is conducted in OpenSEES to validate the strip model against the experimental

work. Results from OpenSEES and experimental work were in a good agreement.

Capacity design of the beams and columns have been presented based on the
design procedure suggested by Sabelli and Bruneau (2007). In this study single story
SPSWs with moment resisting beam to column connections were considered. Bottom
beam not anchored to the ground while column bases were assumed to be fixed. As a
result, 27 sets of SPSWs were designed in a such a way that each includes two more

designs with stiffer columns while the beam sections remain the same. 9 different plate
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thickness and 3 different aspect ratios were considered in these designs. Finally,

numerical parametric study has been undertaken on mentioned 81 SPSWSs in OpenSEES.

6.2. Conclusions

The following conclusions were drawn based on the results of the study:

e Conducted nonlinear pushover analysis results reveal that the column stiffness
does not have a significant impact on the distribution of the tension field forces
acting on the boundary frame (SPSWs are loaded laterally from left side to the
right). In SPSWs with aspect ratio of 1, at lower drifts maximum stresses occurred
in strips connected to the top beam in one end and the left column in the other end.
However, in SPSWs with aspect ratios of 1.5, for the web plates thinner than 1.98
mm maximum stresses occurred in the strips connected to the top and bottom
beam at both ends while in the web plates thicker than this value maximum
stresses were in the strips connected to the left column in one end and to the top
beam at the other end. For SPSWs with aspect ratio of 2, maximum stress occurs
in the strips connected to the bottom beam at the one end and the top beam at the

other end. At a higher drift such as 2%, all of strips yielded in tension.

e In this study, suggested plastic section modulus limit by AISC341-16 for
horizontal boundary elements is critical for SPSWs with aspect ratio of 1 and
plates thinner than 1.3 mm. For the rest of the SPSWs with the aspect ratio of 1
and plates thicker than 1.3 mm and aspect ratio of 1.5 and 2 that have plates with

thickness of 0.55 mm to 4.36 mm, plastic section modulus limit does not govern
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since the W-shaped steel sections selected based on the force demands have higher

value of plastic section modulus.

In this case of study, given stiffness limits for the boundary frames of SPSWs
makes it unattainable to capacity design the beams and columns that have aspect
ratios more than 2 with available W-shaped steel sections. On the other hand,
capacity designing of SPSWs showed that in SPSWs with aspect ratios of 1, 1.5

and 2, PM interaction in columns is dominated.

As explained in chapter 4, the required strength equations provided by Sabelli and
Bruneau (2007) were Adopted for SPSW designs. The required shear strength in
the VBEs extracted from the structural analysis doubles the required shear
strength determined per Sabelli and Bruneau (2007). In other words, the closed-
form equations provided in the Design Guide, significantly underestimates the
shear force demands in VBEs. With regards to HBEs, the closed-form equations
overestimate the required shear strength about 20% for SPSWs with an aspect
ratio of 1 while underestimates it about 10% for SPSWs with aspect ratios of 1.5
and 2. This results stems from the fact that the closed-form equations do not
consider the depth of the boundary frame elements; however, the horizontal
component of the web plate stress acting along the boundary frame elements due
to the offset from the centerline of the boundary frame elements. As the aspect
ratio increases, deeper beams are needed; consequently, these secondary forces
become prominent. It is recommended the boundary frame depth be considered in
design, especially for high aspect ratio SPSWs. In some designs, these issues

might be critical and require an overview in design of HBE.
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e The closed-form expression for uniformity of tension stresses in web plate is also
obtained with respect to flexibility of beams and columns, aspect ratio and drift
(equation 5.3). The proposed expression is a function of aforementioned variables

which provides an acceptable fit with the data from pushover analysis.

6.3. Future Work

In the literature, although distribution of the stresses in the web plate has been
studied, the study regarding to this issue is limited. To further expand the understanding
of variation of stress distribution in the web plate of SPSWSs, future research studies

should focus on the following topics:

e Parametric study on multistory steel plate shear walls with considering
varying plate thickness in each story or considering the same plate thickness
in all stories is recommended to provide better information about the stress
distribution in the web plate. Also considering more plate thickness could be

much more beneficial.

e In this study W-shaped section for beam and columns from AISC Shape
Database were selected. Wide range of different shapes can be used to design
the boundary elements and evaluate the distribution of the stress in the web

plate. This can provide more alternatives for aspect ratio and plate thickness.

e The loading condition in this parametric study was static loading. However,

steel plate shear walls used for the structures exposed to dynamic loads such
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as earthquake. Influence of the boundary frame stiffness on variation of the

stresses in the webplate should be investigated under dynamic loading.

In this study, for the design of beam to column connections any specifications

were not considered. In the next studies this issue should not be ignored.
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Figure A.3. Normalized base shear versus drift of SPSWs with aspect ratio of 2
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Table A.1 Tension field stress acting on the boundary frame at 0.2% drift with L/H=1

and tw=0.55
Name Member Gavg omin/RypFyp omax/RypFyp
Top Beam 190 0.11 0.80
D-1-1-1 Bottom Beam 149 0.03 0.72
Left Column 183 0.11 0.80
Right Column 136 0.03 0.67
Top Beam 194 0.12 0.82
D-1-1-2 Bottom Beam 150 0.04 0.73
Left Column 187 0.12 0.82
Right Column 136 0.04 0.67
Top Beam 197 0.12 0.83
D-1-1-3 Bottom Beam 150 0.04 0.73
Left Column 191 0.12 0.83
Right Column 136 0.04 0.68

Table A.2 Tension field stress acting on the boundary frame at 2% drift with L/H=1 and

tw=0.55
Name Member Gavg Gmin/Rpryp Gmax/Rpryp
Top Beam 334 1.00 1.03
D-1-1-1 Bottom Beam 332 1.00 1.03
Left Column 334 1.00 1.03
Right Column 332 1.00 1.03
Top Beam 334 1.00 1.03
D-1-1-2 Bottom Beam 332 1.00 1.03
Left Column 334 1.00 1.03
Right Column 332 1.00 1.03
Top Beam 334 1.00 1.03
D-1.1-3 Bottom Beam 332 1.00 1.03
Left Column 334 1.00 1.03
Right Column 332 1.00 1.03
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Table A.3 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=0.79
Name Member Gavg (MPa) Gmin/Rpryp Gmax/Rpryp
Top Beam 187 0.11 0.74
D-1-2-1 Bottom Beam 153 0.04 0.71
Left Column 181 0.11 0.79
Right Column 140 0.04 0.67
Top Beam 206 0.15 0.85
D-1.2-2 Bottom Beam 149 0.05 0.74
Left Column 203 0.15 0.85
Right Column 142 0.05 0.68
Top Beam 210 0.16 0.86
D-1-2-3 Bottom Beam 149 0.05 0.74
Left Column 207 0.16 0.88
Right Column 142 0.05 0.69

Table A.4 Tension field stress action on the boundary frame at 2% drift with L/H=1 and

tw=0.79
Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 334 1.01 1.03
D-1-2-1 Bottom Beam 332 1.01 1.03
Left Column 334 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 335 1.01 1.03
D-1-2-2 Bottom Beam 332 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 335 1.01 1.03
D-1-2-3 Bottom Beam 332 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
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Table A.5 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=0.95
Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 206 0.15 0.85
D-1-3-1 Bottom Beam 156 0.04 0.75
Left Column 200 0.15 0.85
Right Column 142 0.04 0.69
Top Beam 209 0.16 0.86
D-1-3-2 Bottom Beam 156 0.05 0.76
Left Column 204 0.16 0.86
Right Column 241 0.05 0.69
Top Beam 213 0.16 0.87
D-1-3-3 Bottom Beam 156 0.05 0.76
Left Column 208 0.16 0.87
Right Column 141 0.05 0.69

Table A.6 Tension field stress action on the boundary frame at 2% drift with L/H=1 and

tw=0.95
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 335 1.01 1.03
D-1-3-1 Bottom Beam 332 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 335 1.01 1.03
D-1-3-2 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 335 1.01 1.03
D-1-3-3 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
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Table A.7 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=1.27
Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 206 0.16 0.84
D-1-4-1 Bottom Beam 164 0.05 0.75
Left Column 201 0.16 0.84
Right Column 152 0.05 0.75
Top Beam 211 0.17 0.85
D-1-4-2 Bottom Beam 165 0.06 0.76
Left Column 205 0.17 0.85
Right Column 151 0.06 0.76
Top Beam 215 0.18 0.87
D-1-4-3 Bottom Beam 165 0.06 0.77
Left Column 210 0.18 0.87
Right Column 152 0.06 0.77

Table A.8 Tension field stress action on the boundary frame at 2% drift with L/H=1 and

tw=1.27
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 335 1.01 1.03
D-1-4-1 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 335 1.01 1.03
D-1-4-2 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 335 1.01 1.03
D-1-4-3 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 332 1.01 1.03
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Table A.9 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=1.98
Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 203 0.16 0.83
D-1-5-1 Bottom Beam 158 0.08 0.70
Left Column 201 0.16 0.83
Right Column 152 0.08 0.69
Top Beam 208 0.17 0.84
D-1-5-2 Bottom Beam 158 0.09 0.70
Left Column 207 0.17 0.85
Right Column 153 0.09 0.70
Top Beam 212 0.18 0.86
D-1-5-3 Bottom Beam 159 0.09 0.70
Left Column 211 0.18 0.86
Right Column 153 0.09 0.69

Table A.10 Tension field stress action on the boundary frame at 2% drift with L/H=1

and tw=1.98
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 334 1.01 1.03
D-1-5-1 Bottom Beam 333 1.01 1.03
Left Column 334 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.01 1.03
D-1-5-2 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.02 1.03
D-1-5-3 Bottom Beam 333 1.01 1.03
Left Column 335 1.02 1.03
Right Column 333 1.01 1.03
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Table A.11 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=2.38
Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 201 0.16 0.83
D-1-6-1 Bottom Beam 157 0.08 0.70
Left Column 199 0.16 0.83
Right Column 151 0.08 0.69
Top Beam 206 0.17 0.84
D-1-6-2 Bottom Beam 157 0.08 0.70
Left Column 204 0.17 0.84
Right Column 152 0.08 0.69
Top Beam 210 0.18 0.86
D-1-6-3 Bottom Beam 158 0.09 0.71
Left Column 209 0.18 0.86
Right Column 152 0.09 0.69

Table A.12 Tension field stress action on the boundary frame at 2% drift with L/H=1

and tw=2.38
Name Member 6avg (MPa) Smin/RypFyp omax/ RypFyp
Top Beam 334 1.01 1.03
D-1-6-1 Bottom Beam 333 1.01 1.03
Left Column 334 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.01 1.03
D-1-6-2 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.01 1.03
D-1-6-3 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 333 1.01 1.03
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Table A.13 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=3.17
Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 201 0.15 0.83
D-1-7-1 Bottom Beam 157 0.08 0.70
Left Column 199 0.15 0.83
Right Column 151 0.08 0.69
Top Beam 206 0.17 0.84
D-1-7-2 Bottom Beam 158 0.08 0.70
Left Column 205 0.17 0.84
Right Column 152 0.08 0.69
Top Beam 215 0.19 0.87
D-1-7-3 Bottom Beam 159 0.09 0.71
Left Column 214 0.19 0.87
Right Column 153 0.09 0.70

Table A.14 Tension field stress action on the boundary frame at 2% drift with L/H=1

and tw=3.17
Name Member 6avg (MPa) Smin/RypFyp omax/ RypFyp
Top Beam 334 1.01 1.03
D-1-7-1 Bottom Beam 333 1.01 1.03
Left Column 334 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.01 1.03
D-1-7-2 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.02 1.03
D-1-7-3 Bottom Beam 333 1.01 1.03
Left Column 335 1.02 1.03
Right Column 333 1.01 1.03
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Table A.15 Tension field stress action on the boundary frame at 0.2% drift with L/H=1

and tw=3.57
Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 203 0.16 0.83
D-1-8-1 Bottom Beam 159 0.08 0.70
Left Column 202 0.16 0.83
Right Column 153 0.08 0.70
Top Beam 212 0.18 0.86
D-1-8-2 Bottom Beam 160 0.09 0.71
Left Column 211 0.18 0.86
Right Column 155 0.09 0.70
Top Beam 217 0.19 0.88
D-1-8-3 Bottom Beam 161 0.10 0.71
Left Column 216 0.19 0.88
Right Column 155 0.10 0.71

Table A.16 Tension field stress action on the boundary frame at 2% drift with L/H=1

and tw=3.57
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 335 1.01 1.03
D-1-8-1 Bottom Beam 333 1.01 1.03
Left Column 335 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.02 1.03
D-1-8-2 Bottom Beam 333 1.01 1.03
Left Column 335 1.02 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.02 1.03
D-1-8-3 Bottom Beam 333 1.01 1.03
Left Column 335 1.02 1.03
Right Column 333 1.01 1.03
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Table A.17 Tension field stress acting on the boundary frame at 0.2% drift with L/H=1

and tw=4.36
Name M ember Gavg Gmin/Ryp pr Gmax/Rpryp
Top Beam 269 0.4 1.00
D-1-9-1 Bottom Beam 199 0.2 0.77
Left Column 269 0.4 1.00
Right Column 199 0.2 0.77
Top Beam 273 0.4 1.00
D-1-9-2 Bottom Beam 200 0.2 0.78
Left Column 273 0.4 1.00
Right Column 200 0.2 0.78
Top Beam 278 0.4 1.00
D-1-9-3 Bottom Beam 200 0.2 0.78
Left Column 278 0.4 1.00
Right Column 200 0.2 0.78

Table A.18 Tension field stress acting on the boundary frame at 2% drift with L/H=1

and tw=4.36
Name Member Gavg omin/RypFyp omax/RypFyp
Top Beam 337 1.03 1.04
D-1-9-1 Bottom Beam 335 1.03 1.03
Left Column 337 1.03 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.03 1.04
D-1-9-2 Bottom Beam 335 1.03 1.03
Left Column 337 1.03 1.04
Right Column 335 1.03 1.03
Top Beam 338 1.03 1.04
D-1-9-3 Bottom Beam 335 1.03 1.03
Left Column 338 1.03 1.04
Right Column 335 1.03 1.03
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Table A.19 Tension field stress acting on the boundary frame at 0.2% drift with

L/H=1.5 and tw=0.55

Name Member Gavg (M Pa) Gmin/Rpryp Gmax/Rpryp
Top Beam 198 0.17 0.76
D-2-1-1 Bottom Beam 179 0.09 0.76
Left Column 174 0.17 0.71
Right Column 143 0.09 0.64
Top Beam 200 0.18 0.77
D-2-1-2 Bottom Beam 179 0.09 0.77
Left Column 176 0.18 0.73
Right Column 142 0.09 0.64
Top Beam 203 0.18 0.78
D-2-1-3 Bottom Beam 180 0.09 0.78
Left Column 179 0.18 0.73
Right Column 141 0.09 0.64

Table A.20 Tension field stress acting on the boundary frame at 2% drift with L/H=1.5

and tw=0.55
Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 334 1.01 1.03
D-2-1-1 Bottom Beam 334 1.01 1.03
Left Column 334 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.01 1.03
D-2-1-2 Bottom Beam 334 1.01 1.03
Left Column 334 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 335 1.01 1.03
D-2-1-3 Bottom Beam 334 1.01 1.03
Left Column 334 1.01 1.03
Right Column 333 1.01 1.03
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Table A.21 Tension field stress action on the boundary frame at 0.2% drift with

L/H=1.5 and tw=0.79

Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 208 0.20 0.77
D-2-9-1 Bottom Beam 192 0.11 0.77
Left Column 186 0.20 0.75
Right Column 160 0.11 0.68
Top Beam 211 0.21 0.79
D-2-22 Bottom Beam 192 0.11 0.79
Left Column 190 0.21 0.76
Right Column 159 0.11 0.68
Top Beam 214 0.22 0.80
D-2-2-3 Bottom Beam 193 0.11 0.80
Left Column 193 0.22 0.77
Right Column 178 0.11 0.68

Table A.22 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=0.79
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 335 1.01 1.03
D-2-2-1 Bottom Beam 334 1.02 1.03
Left Column 335 1.01 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.02 1.03
D-2-2-2 Bottom Beam 334 1.02 1.03
Left Column 335 1.02 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.01 1.03
D-2-2-3 Bottom Beam 334 1.02 1.03
Left Column 335 1.01 1.03
Right Column 334 1.02 1.03
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Table A.23 Tension field stress action on the boundary frame at 0.2% drift with

L/H=1.5 and tw=0.95

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 205 0.20 0.77
D-2-3-1 Bottom Beam 190 0.11 0.77
Left Column 183 0.20 0.73
Right Column 159 0.11 0.68
Top Beam 208 0.21 0.78
D-2-3-2 Bottom Beam 191 0.11 0.78
Left Column 186 0.21 0.75
Right Column 158 0.11 0.67
Top Beam 211 0.21 0.79
D-2-3-3 Bottom Beam 191 0.11 0.79
Left Column 189 0.21 0.76
Right Column 157 0.11 0.67

Table A.24 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=0.95
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 335 1.01 1.03
D-2-3-1 Bottom Beam 335 1.02 1.03
Left Column 335 1.01 1.03
Right Column 335 1.02 1.03
Top Beam 335 1.01 1.03
D-2-3- Bottom Beam 335 1.02 1.03
Left Column 335 1.01 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.01 1.03
D-2-3-3 Bottom Beam 335 1.02 1.03
Left Column 335 1.01 1.03
Right Column 334 1.02 1.03
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Table A.25 Tension field stress action on the boundary frame at 0.2% drift with

L/H=1.5 and tw=1.27

Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 217 0.23 0.80
D-2-4-1 Bottom Beam 200 0.12 0.80
Left Column 196 0.23 0.77
Right Column 169 0.12 0.70
Top Beam 221 0.24 0.81
D-2-4-2 Bottom Beam 201 0.13 0.81
Left Column 201 0.24 0.78
Right Column 168 0.13 0.70
Top Beam 224 0.25 0.82
D-2-4-3 Bottom Beam 201 0.13 0.82
Left Column 204 0.25 0.79
Right Column 167 0.13 0.69

Table A.26 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=1.27
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 336 1.02 1.03
D-2-4-1 Bottom Beam 335 1.02 1.03
Left Column 335 1.02 1.03
Right Column 334 1.02 1.03
Top Beam 336 1.02 1.04
D-2-4-2 Bottom Beam 335 1.02 1.04
Left Column 335 1.02 1.04
Right Column 334 1.02 1.03
Top Beam 336 1.02 1.04
D-2-4-3 Bottom Beam 335 1.02 1.04
Left Column 336 1.02 1.04
Right Column 334 1.02 1.03
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Table A.27 Tension field stress action on the boundary frame at 0.2% drift with

L/H=1.5 and tw=1.98

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 244 0.32 0.86
D-2-5-1 Bottom Beam 223 0.17 0.86
Left Column 226 0.32 0.85
Right Column 190 0.17 0.76
Top Beam 250 0.34 0.88
D-2-5- Bottom Beam 225 0.18 0.88
Left Column 233 0.34 0.87
Right Column 187 0.18 0.75
Top Beam 253 0.35 0.86
D-2-5.3 Bottom Beam 225 0.18 0.89
Left Column 236 0.35 0.88
Right Column 186 0.18 0.75

Table A.28 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=1.98
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 337 1.02 1.04
D-2-5-1 Bottom Beam 336 1.02 1.04
Left Column 337 1.02 1.04
Right Column 335 1.02 1.03
Top Beam 337 1.02 1.04
D-2-5- Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-2-5-3 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
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Table A.29 Tension field stress action on the boundary frame at 0.2% drift with

L/H=1.5 and tw=2.38

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 280 0.45 0.98
D-2-6-1 Bottom Beam 246 0.25 0.94
Left Column 270 0.45 0.98
Right Column 211 0.25 0.82
Top Beam 284 0.47 0.99
D-2-6-2 Bottom Beam 247 0.25 0.96
Left Column 275 0.47 1.0
Right Column 209 0.25 0.81
Top Beam 288 0.48 1.0
D-2-6-3 Bottom Beam 248 0.25 0.97
Left Column 280 0.48 1.0
Right Column 208 0.25 0.80

Table A.30 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=2.38
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 338 1.03 1.04
D-2-6-1 Bottom Beam 337 1.03 1.04
Left Column 339 1.03 1.04
Right Column 336 1.03 1.03
Top Beam 339 1.03 1.04
D-2-6-2 Bottom Beam 337 1.03 1.04
Left Column 339 1.03 1.04
Right Column 336 1.03 1.03
Top Beam 339 1.03 1.04
D-2-6-3 Bottom Beam 337 1.03 1.04
Left Column 339 1.03 1.04
Right Column 336 1.03 1.03
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Table A.31 Tension field stress action on the boundary frame at 0.2% drift with

L/H=1.5 and tw=3.17

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 238 0.31 0.85
D-2-7-1 Bottom Beam 213 0.19 0.83
Left Column 224 0.31 0.85
Right Column 183 0.19 0.73
Top Beam 242 0.32 0.86
D-2-7-2 Bottom Beam 214 0.20 0.85
Left Column 230 0.32 0.86
Right Column 182 0.20 0.73
Top Beam 247 0.33 0.88
D-2-7-3 Bottom Beam 215 0.20 0.86
Left Column 234 0.33 0.88
Right Column 182 0.20 0.73

Table A.32 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=3.17
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 337 1.02 1.04
D-2-7-1 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-2-7-2 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-2-7.3 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
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Table A.33 Tension field stress action on the boundary frame at 0.2% drift with
L/H=1.5 and tw=3.57

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 241 0.32 0.86
D-2-8-1 Bottom Beam 214 0.20 0.84
Left Column 227 0.32 0.86
Right Column 184 0.20 0.74
Top Beam 245 0.33 0.87
D-2-8-2 Bottom Beam 215 0.20 0.86
Left Column 232 0.33 0.87
Right Column 184 0.20 0.73
Top Beam 248 0.34 0.88
D-2-8-3 Bottom Beam 216 0.21 0.87
Left Column 235 0.34 0.88
Right Column 183 0.21 0.73

Table A.34 Tension field stress action on the boundary frame at 2% drift with L/H=1.5

and tw=3.57
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 337 1.02 1.04
D-2-8-1 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-2-8-2 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-2-8-3 Bottom Beam 336 1.03 1.04
Left Column 337 1.02 1.04
Right Column 335 1.03 1.03
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Table A.35 Tension field stress acting on the boundary frame at 0.2% drift with

L/H=1.5 and tw=4.36

Name Member Gavg (M Pa) Gmin/Rpryp Gmax/Rpryp
Top Beam 212 0.23 0.78
D-2-9-1 Bottom Beam 190 0.17 0.78
Left Column 196 0.23 0.78
Right Column 163 0.17 0.67
Top Beam 215 0.23 0.79
D-2-9-2 Bottom Beam 190 0.17 0.79
Left Column 200 0.23 0.79
Right Column 162 0.17 0.67
Top Beam 219 0.24 0.80
D-2-9-3 Bottom Beam 191 0.17 0.80
Left Column 204 0.24 0.80
Right Column 162 0.17 0.68

Table A.36 Tension field stress acting on the boundary frame at 2% drift with L/H=1.5

and tw=4.36
Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 335 1.02 1.03
D-2-9-1 Bottom Beam 335 1.02 1.03
Left Column 335 1.02 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.02 1.03
D-2-9-2 Bottom Beam 335 1.02 1.03
Left Column 335 1.02 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.02 1.03
D-2-9-3 Bottom Beam 335 1.02 1.03
Left Column 335 1.02 1.03
Right Column 334 1.02 1.03
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Table A.37 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=0.55

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 199 0.21 0.75
D-3-1-1 Bottom Beam 193 0.14 0.75
Left Column 170 0.21 0.66
Right Column 160 0.14 0.66
Top Beam 201 0.21 0.76
D-3-1-2 Bottom Beam 194 0.14 0.76
Left Column 172 0.21 0.67
Right Column 158 0.14 0.65
Top Beam 204 0.22 0.77
D-3-1-3 Bottom Beam 195 0.14 0.77
Left Column 175 0.22 0.68
Right Column 156 0.14 0.65

Table A.38 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=0.55
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 333 1.01 1.03
D-3-1-1 Bottom Beam 334 1.01 1.03
Left Column 332 1.01 1.03
Right Column 333 1.01 1.03
Top Beam 336 1.01 1.03
D-3-1-2 Bottom Beam 334 1.01 1.03
Left Column 332 1.01 1.03
Right Column 332 1.01 1.03
Top Beam 334 1.01 1.03
D-3-1-3 Bottom Beam 334 1.01 1.03
Left Column 332 1.01 1.03
Right Column 332 1.01 1.03
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Table A.39 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=0.79

Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 200 0.21 0.75
D-3-2-1 Bottom Beam 196 0.14 0.75
Left Column 170 0.21 0.66
Right Column 162 0.14 0.66
Top Beam 203 0.22 0.77
D-3-2-2 Bottom Beam 197 0.14 0.77
Left Column 172 0.22 0.67
Right Column 161 0.14 0.66
Top Beam 206 0.23 0.78
D-3-2-3 Bottom Beam 198 0.14 0.78
Left Column 175 0.23 0.68
Right Column 159 0.14 0.65

Table A.40 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=0.79
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 335 1.01 1.04
D-3-2-1 Bottom Beam 335 1.02 1.04
Left Column 334 1.01 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.01 1.04
D-3-2-2 Bottom Beam 335 1.02 1.04
Left Column 334 1.01 1.03
Right Column 334 1.02 1.03
Top Beam 335 1.01 1.04
D-3-2-3 Bottom Beam 335 1.02 1.04
Left Column 334 1.01 1.03
Right Column 334 1.02 1.03
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Table A.41 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=0.95

Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 213 0.25 0.79
D-3-3-1 Bottom Beam 207 0.16 0.79
Left Column 184 0.25 0.70
Right Column 173 0.16 0.69
Top Beam 216 0.26 0.80
D-3-3- Bottom Beam 208 0.16 0.80
Left Column 187 0.26 0.71
Right Column 171 0.16 0.69
Top Beam 219 0.26 0.82
D-3-3-3 Bottom Beam 209 0.16 0.82
Left Column 189 0.26 0.72
Right Column 169 0.16 0.68

Table A.42 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=0.95
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 336 1.02 1.04
D-3-3-1 Bottom Beam 336 1.02 1.04
Left Column 335 1.02 1.04
Right Column 335 1.02 1.03
Top Beam 336 1.02 1.04
D-3-3-2 Bottom Beam 336 1.02 1.04
Left Column 335 1.02 1.04
Right Column 335 1.02 1.03
Top Beam 336 1.02 1.04
D-3-3-3 Bottom Beam 336 1.02 1.04
Left Column 335 1.02 1.03
Right Column 335 1.02 1.03
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Table A.43 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=1.27

Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 227 0.29 0.83
D-3-4-1 Bottom Beam 219 0.18 0.83
Left Column 200 0.29 0.75
Right Column 181 0.18 0.72
Top Beam 231 0.30 0.85
D-3-4-2 Bottom Beam 220 0.18 0.85
Left Column 201 0.30 0.75
Right Column 179 0.18 0.72
Top Beam 237 0.32 0.87
D-3-4-3 Bottom Beam 222 0.18 0.87
Left Column 208 0.32 0.77
Right Column 178 0.18 0.71

Table A.44 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=1.27
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 336 1.02 1.04
D-3-4-1 Bottom Beam 336 1.03 1.04
Left Column 336 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-3-4-2 Bottom Beam 336 1.03 1.04
Left Column 336 1.02 1.04
Right Column 335 1.03 1.03
Top Beam 337 1.02 1.04
D-3-4-3 Bottom Beam 336 1.03 1.04
Left Column 336 1.02 1.04
Right Column 335 1.03 1.03
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Table A.45 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=1.98

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 237 0.32 0.86
D-3-5-1 Bottom Beam 228 0.19 0.86
Left Column 209 0.32 0.77
Right Column 189 0.19 0.74
Top Beam 240 0.33 0.87
D-3-5-2 Bottom Beam 229 0.20 0.87
Left Column 211 0.33 0.78
Right Column 187 0.20 0.74
Top Beam 243 0.34 0.89
D-3-5-3 Bottom Beam 230 0.20 0.89
Left Column 214 0.34 0.79
Right Column 185 0.20 0.73

Table A.46 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=1.98
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 337 1.02 1.04
D-3-5-1 Bottom Beam 337 1.03 1.04
Left Column 336 1.02 1.04
Right Column 336 1.03 1.03
Top Beam 337 1.02 1.04
D-3-5- Bottom Beam 337 1.03 1.04
Left Column 336 1.02 1.04
Right Column 336 1.03 1.03
Top Beam 337 1.02 1.04
D-3-5-3 Bottom Beam 337 1.03 1.04
Left Column 337 1.02 1.04
Right Column 336 1.03 1.03
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Table A.47 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=2.38

Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 238 0.33 0.87
D-3-6-1 Bottom Beam 228 0.20 0.87
Left Column 210 0.33 0.77
Right Column 188 0.20 0.73
Top Beam 242 0.34 0.88
D-3-6-2 Bottom Beam 230 0.20 0.88
Left Column 213 0.34 0.78
Right Column 186 0.20 0.73
Top Beam 246 0.35 0.90
D-3-6-3 Bottom Beam 231 0.20 0.90
Left Column 216 0.35 0.79
Right Column 184 0.20 0.73

Table A.48 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=2.38
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 337 1.02 1.04
D-3-6-1 Bottom Beam 337 1.03 1.04
Left Column 336 1.02 1.04
Right Column 336 1.03 1.03
Top Beam 337 1.02 1.04
D-3-6-2 Bottom Beam 337 1.03 1.04
Left Column 337 1.02 1.04
Right Column 336 1.03 1.03
Top Beam 337 1.02 1.04
D-3-6-3 Bottom Beam 337 1.03 1.04
Left Column 337 1.02 1.04
Right Column 336 1.03 1.03
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Table A.49 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=3.17

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 244 0.35 0.88
D-3-7-1 Bottom Beam 234 0.22 0.88
Left Column 217 0.35 0.79
Right Column 196 0.22 0.76
Top Beam 248 0.37 0.90
D-3-7-2 Bottom Beam 235 0.23 0.90
Left Column 221 0.37 0.80
Right Column 194 0.23 0.75
Top Beam 252 0.38 0.92
D-3-7-3 Bottom Beam 237 0.23 0.92
Left Column 224 0.38 0.81
Right Column 192 0.23 0.74

Table A.50 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=3.17
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 337 1.02 1.04
D-3-7-1 Bottom Beam 337 1.03 1.04
Left Column 336 1.02 1.04
Right Column 336 1.03 1.03
Top Beam 337 1.02 1.04
D-3-7-2 Bottom Beam 337 1.03 1.04
Left Column 337 1.02 1.04
Right Column 336 1.03 1.03
Top Beam 338 1.02 1.04
D-3-7-3 Bottom Beam 337 1.03 1.04
Left Column 337 1.02 1.04
Right Column 336 1.03 1.04
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Table A.51 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=3.57

Name Member 6avg (MPa) omin/RypFyp omax/RypFyp
Top Beam 259 0.41 0.93
D-3-8-1 Bottom Beam 242 0.26 0.93
Left Column 232 0.41 0.84
Right Column 203 0.26 0.77
Top Beam 262 0.42 0.95
D-3-8-2 Bottom Beam 246 0.26 0.95
Left Column 235 0.42 0.84
Right Column 201 0.26 0.77
Top Beam 267 0.43 0.97
D-3-8-3 Bottom Beam 248 0.26 0.97
Left Column 239 0.43 0.86
Right Column 199 0.26 0.76

Table A.52 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=3.57
Name Member 6avg (MPa) omin/RypFyp Smax/ RypFyp
Top Beam 338 1.02 1.04
D-3-8-1 Bottom Beam 338 1.03 1.04
Left Column 337 1.02 1.04
Right Column 337 1.03 1.04
Top Beam 338 1.02 1.04
D-3-8-2 Bottom Beam 338 1.03 1.04
Left Column 338 1.02 1.04
Right Column 338 1.03 1.04
Top Beam 338 1.03 1.04
D-3-8-3 Bottom Beam 338 1.03 1.04
Left Column 338 1.03 1.04
Right Column 337 1.03 1.04
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Table A.53 Tension field stress action on the boundary frame at 0.2% drift with

L/H=2.0 and tw=4.36

Name Member 6avg (MPa) omin/RypFyp omax/ RypFyp
Top Beam 255 0.4 0.91
D-3-9-1 Bottom Beam 245 0.2 0.91
Left Column 230 0.4 0.83
Right Column 208 0.2 0.79
Top Beam 258 0.4 0.93
D-3-9-2 Bottom Beam 246 0.2 0.93
Left Column 232 0.4 0.83
Right Column 206 0.2 0.79
Top Beam 263 0.4 0.95
D-3-9-3 Bottom Beam 248 0.3 0.95
Left Column 236 0.4 0.84
Right Column 204 0.3 0.77

Table A.54 Tension field stress action on the boundary frame at 2% drift with L/H=2.0

and tw=4.36
Name Member 6avg (MPa) Smin/RypFyp Smax/ RypFyp
Top Beam 338 1.02 1.04
D-3-9-1 Bottom Beam 338 1.03 1.04
Left Column 337 1.02 1.04
Right Column 337 1.03 1.04
Top Beam 338 1.02 1.04
D-3-9-2 Bottom Beam 338 1.03 1.04
Left Column 337 1.02 1.04
Right Column 337 1.03 1.04
Top Beam 338 1.02 1.04
D-3-9-3 Bottom Beam 338 1.03 1.04
Left Column 337 1.02 1.04
Right Column 337 1.03 1.04
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