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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellencein advanced technology applications thatis dedicated to the reduction of
earthquakelosses nationwide. Headquartered at the University at Buffalo, State University
of New York, the Center was originally established by the National Science Foundation in
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER'’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of information between researchers located
in various institutions across the country. These are complemented by, and integrated
with, other MCEER activities in education, outreach, technology transfer, and industry
partnerships.

This report describes a two-phase experimental research program on Steel Plate Shear Walls
(SPSWs), conducted in collaboration with the National Center for Research on Earthquake Engi-
neering (NCREE) in Taipei, Taiwan. The research project investigated the replaceability of infill
panels following an earthquake, the behavior of a repaired SPSW in a subsequent earthquake, and
the seismic performance of intermediate beams. The test specimen was a two-story SPSW that
had an intermediate composite beam with reduced beam section (RBS) connections. In Phase 1, the
specimen was pseudodynamically tested and subjected to three ground motions of progressively
decreasing intensity. The buckled panels were replaced by new panels prior to subjecting the speci-
men to a subsequent pseudodynamic test and cyclic test to failure in Phase II. The results showed
that replacing the buckled infill panels was a viable option that would provide adequate resistance
against future earthquakes. The repaired SPSW performed well during the subsequent earthquake
and dissipated a similar amount of energy without causing severe damage to the boundary frame
or exhibiting overall strength degradation.
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ABSTRACT

Steel Plate Shear Walls (SPSWs) consist of infill steel panels surrounded by boundary frame
members. Theseinfill panels are allowed to buckle in shear and subsequently form diagonal
tension field actions to resist the lateral loads applied on the structure. Research conducted
since the early 1980s has shown that this type of system can exhibit high initial stiffness,
behave in a ductile manner, and dissipate significant amounts of hysteretic energy, which
make it a suitable option for the design of new buildings as well asfor the retrofit of existing
constructions. However, some impediments still exist that may limit the widespread
acceptance of this structural system. For example, no research has directly addressed the
replaceability of infill steel panelsfollowing an earthquake, and uncertainties remain
regarding the seismic behavior of intermediate beams in a multi-story SPSW. Intermediate
beams are those to which steel plates are welded above and below, by opposition to anchor

beams at the top and bottom levels that have steel plates only below or above.

The work presented in this report experimentally investigates the above issues with regards to
SPSW performance. A two-phase experimental program was conducted on a full-scale two-
story SPSW with reduced beam section connections and composite floors. In Phase I, the
specimen was pseudodynamically tested, subjected to three ground motions of progressively
decreasing intensity. The buckled panels were replaced by new panels prior to subjecting the

specimen to a subsequent pseudodynamic test and cyclic test to failure in Phase 1.

It is shown that the repaired specimen can survive and dissipate significant amounts of
hysteretic energy in a subsequent earthquake without severe damage to the boundary frame or
overall strength degradation. It is also found that the specimen had exceptional redundancy
and exhibited stable force-displacement behavior up to the story drifts of 5.2 and 5.0% at the
first and second story, respectively. Experimental results from pseudodynamic and cyclic
tests, respectively, are compared to the seismic performance predictions obtained from a dual
strip model using tension only strips and a monotonic pushover analysis using a three-

dimensional finite element model, and good agreement is observed.
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SECTION 1
INTRODUCTION

1.1 General

Steel Plate Shear Walls (SPSWs), which consist of infill steel panels surrounded by
columns, called Vertical Boundary Elements (VBEs), and beams, called Horizontal
Boundary Elements (HBEs) have been used as lateral force resisting system in a large
number of building structures in the United States, Canada, Mexico, Japan, Taiwan and

other countries.

Early designs of SPSW infill panels only allowed for elastic behavior, or shear yielding
in the post-elastic range, an approach that typically resulted in the selection of relatively
thick or heavily-stiffened infill panels. These designs, while resulting in a stiffer structure
that would reduce displacement demand as compared to the bare steel frame structure
during seismic events, would also induce relatively large infill panel yield forces on the
boundary frame members, resulting in substantial amounts of steel used and expensive

detailing.

Researchers on the behavior of SPSWs in the early 1980s (Thorburn et al. 1983)
proposed the use of relatively thinner plates for the infill panels. Such thin infill panels
are allowed to buckle in shear and subsequently form diagonal tension field actions to
resist the lateral loads applied on the structure. Significant research contributions by
others since then, investigating behavior of SPSWs using the monotonic and cyclic
loading and shaking table tests, have shown that this type of structural system can exhibit
high initial stiffness, behave in a ductile manner, and dissipate significant amounts of
hysteretic energy, which make it a suitable option for the design of new buildings as well
as for the retrofit of existing constructions (Thorburn et al.1983; Tromposch and Kulak
1987, Driver et al. 1997; Rezai 1999, Lubell et al. 2000, Berman and Bruneau 2003, and
Vian and Bruneau 2005). In addition, analytical research on SPSWs has also validated
useful models for the design and analysis of this lateral load resisting system (Thorburn et
al.1983; Elgaaly et al.1993; Driver et al. 1997; Berman and Bruneau 2003).



As a result of the above research, design procedures for SPSWs are provided by the CSA
Limit States Design of Steel Structures (CSA 2000) and the AISC Seismic Provisions for
Structural Steel Buildings (AISC 2005). Innovative SPSW designs have also been
proposed and experimentally validated to expand the range of applicability of SPSWs
(Berman and Bruneau 2003; Vian and Bruneau 2005).

However, some impediments still exist that may limit the widespread acceptance of this
system. For example, no research has directly addressed the replaceability of infill steel
panels following an earthquake, and there remains uncertainties regarding the seismic
behavior of HBEs of SPSWSs. The latter problem was addressed by Vian and Bruneau
(2005) and Lopez Garcia and Bruneau (2006), resulting in useful models for design of
anchor HBEs (i.e. those HBEs at the ground and roof levels of SPSWs). However, more
detailed experimental information about seismic behavior intermediate HBE
(intermediate HBEs are those to which are welded steel plates above and below, by
opposition to anchor HBEs that have steel plates only below or above) remains missing,

particularly for those HBEs having reduced beam section (RBS) connections.

1.2 Scope and Objectives

This report describes an experimental research program conducted to investigate the
replaceability of infill panels and the seismic behavior of intermediate HBEs — issues that

impact the performance of SPSWs.

First, in collaboration with the National Center for Research on Earthquake Engineering
(NCREE) in Taipei, Taiwan, a two-phase experimental program was conducted to test a
two-story SPSW specimen having an intermediate composite beam with RBS
connections. The testing program also investigated how to replace the infill panels of the
SPSW after a severe earthquake and how the repaired SPSW would behave in a second

equally severe earthquake.

Next, analytical studies using both a simple model (called the strip model) and a 3D finite

element (FE) model were conducted to replicate the SPSW behavior observed from tests.



1.3 Outline of Report

Section 2 contains a brief overview of past experimental research related to this structural
system in applications to provide earthquake resistance.

Section 3 describes design of the tested specimen from a prototype steel plate shear wall.
Following this, details on the test setup are given along with relevant descriptions and

results of sample coupon testing. Finally, the instrumentation layout is described.

Section 4 presents results of the experimental program. The determination of loading
protocol and the methods of load application are presented, followed by force versus
displacement hysteresis plots, photos of accumulated damage, and related descriptions.

Section 5 describes the analytical model development and results of analytical
investigations of the experimental results. Both the strip model and the 3D finite element

(FE) model are considered. Effectiveness of the developed models is also discussed.

Conclusions based on the information presented in the previous sections are made in

Section 6 and recommendations for future research are given.






SECTION 2

REVIEW OF PAST EXPERIMENTAL RESEARCH ON STEEL
PLATE SHEAR WALLS

2.1 Introduction

Prior to key research performed in the 1980s (Thorburn et al. 1983), designs of SPSW
infill panels only allowed for elastic behavior, or shear yielding in the post-elastic range.
This design concept typically resulted in selection of relatively thick or heavily-stiffened
infill panels. While resulting in a stiffer structure that would reduce displacement demand
as compared to the bare steel frame structure during seismic events, these designs would
induce relatively large infill panel yield forces on the boundary frame members, resulting
in substantial amounts of steel used and expensive detailing. Numerous experimental and
analytical investigations conducted since 1980s have demonstrated that a SPSW having
unstiffened thin infill panels allowed to buckle in shear and subsequently form a diagonal
tension field absorbing input energy, can be an effective and economical option for new
buildings as well as for the retrofit of existing constructions in earthquake-prone regions.
While extensive reviews of past research can be found in the literature (i.e. Berman and
Bruneau 2003, Vian and Bruneau 2005, Sabelli and Bruneau 2007, to name a few), some
work relevant to the work presented here is summarized below, with more emphasis on

experimental research on large scale SPSWs.

2.2 Thorburn, Kulak, and Montgomery (1983)

Based on the theory of diagonal tension field actions first proposed by Wagner (1931),
Thorburn et al. (1983) investigated the postbuckling strength of SPSWs and developed
two analytical models to represent unstiffened thin infill panels that resist lateral loads by
the formation of tension field actions. In both cases, contribution to total lateral strength
from the compressive stresses in the infill panels were neglected because it was assumed
that plate buckles at a low load and displacement level. In addition, it was assumed that
the columns were continuous over the whole height of the wall, to which the beams were

connected using simple connections (i.e. "pin™ connections).



The first model, an equivalent brace model used to provide the story stiffness of a panel,
represents the infill panels as a single diagonal tension brace at each story. Based on
elastic strain energy formulation, analytical expressions were provided for the area of this
equivalent brace member for two limiting cases of column stiffness, namely, infinitely

rigid against bending and completely flexible.

The second model proposed by Thorburn et al. (1983) is strip model (also known as a
multi-strip model), in which each infill panel is represented by a series of inclined pin-
ended only members, as shown in figure 2-1, that have a cross-sectional area equal to

strip spacing times the panel thickness.
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FIGURE 2-1 Schematic of Strip Model (Thorburn et al. 1983)

It was found that a minimum of ten strips is required at each story to adequately replicate
the behavior of the wall. Using the principle of least work, the inclination angle for the
strip, denoted as «, and equal to that of the tension field can be determined for the

infinitely rigid column case, as,
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tan* o =

(2-1)

where H is the story height; L is the bay width; t is the infill panel thickness; and A,

and A, are cross section areas of the beam and column, respectively.

2.3 Timler and Kulak (1983)

Based on the work by Thorbrrn et al. (1983), Timler and Kulak (1983) considered the

effects of column flexibility and revised equation (2-1):

tan* o = 2 A (2-2)

where |, is the moment of inertia of column, and all other terms were defined previously.

This equation appears in both the Canadian CSA-S16-01 Standard (CSA 2000) and the
2005 AISC Seismic Provisions (AISC 2005) for design of SPSWs.

Timler and Kulak also conducted a test on a large-scale SPSW to verify the analytical
work of Thorburn et al. (1983). A SPSW specimen, shown in figure2-2, consisting of
5mm thick infill panels was tested under quasi-static cyclic loading. The bay dimensions
were 3750 mm wide by 2500 mm high. Simple beam-to-column connections were used.
Beams and columns were W310x129 and W460x144 respectively. No gravity loads were

applied to the specimen.

The angle of inclination of the tension field along the centerline of the panel was found to
vary from 44° to 56°. The maximum load attained was 5395 kN. Failure of the specimen
resulted from tearing of the weld used to connect the infill plate to the fish plate, and it
was concluded that, if this had been avoided, the specimen could have resisted a larger

ultimate load.
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FIGURE 2-2 Schematic of Test Specimen (Timler and Kulak 1983)

2.4 Driver, Kulak, Kennedy and Elwi (1997)

Driver et al. (1997) tested a large-scale four-story SPSW with unstiffened infill panels
and moment-resisting beam-to-column connections as shown in figure 2-3 using a
sequence of loading intended to simulate a severe seismic event. Gravity loads were
applied to each column and cyclic in-plane horizontal loads were applied at each floor
level. The cyclic deflection amplitudes were gradually increased according to the
recommendations outlined in ATC-24 (ATC 1992) until failure. The test specimen was
able to resist increasingly higher loads in each successive cycle until a deflection of five
times the deflection corresponding to the point of first significant yielding, after which
degradation of the load-carrying capacity was gradual and stable. The cycle in which the
peak capacity occurred coincided approximately to that in which plate tore and local

column flange buckling began to take place in the lowest story. Prior to failure of the



specimen, the lowest story reached nine times its yield deflection. The test specimen
proved to be initially very stiff, showed excellent ductility and energy dissipation
characteristics, and exhibited stable behavior at very large deformations and after many

cycles of loading.
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FIGURE 2-3 Schematic of Test Specimen-North Elevation (Driver et al. 1997)

2.5 Berman and Bruneau (2005)

Berman and Bruneau (2005) conducted quasi-static cyclic testing on three SPSW
specimens having light gauge cold-formed steel for the infill panels. Two specimens
using flat infill panels and one specimen using type B corrugated steel deck were tested



subjected to ATC-24 loading protocol. Test setup is shown in figure 2-4. Boundary frame
members were designed to remain elastic. Beams had flexible connections to the
columns. In two of the three specimens, epoxy was used as an attempt to provide an
alternative way to connect infill panels to the fishplates for retrofit instance where
welding fumes are unacceptable to occupants. Epoxied connection proved ineffective for

the flat plate case, but worked for the corrugated panel.

Reaction Frame —__

1110 kN (250 kip) 2590 mm
Miller Servo-Controlied
North Static Actuator

I 7
E

////

a ﬁ-—seemmm—-
< 111 I I I;\J_lli

| Strong Floor Foundation Beam

—

A

FIGURE 2-4 Schematic of Testing Setup (Berman and Bruneau 2005)

From the hysteresis curves and monotonic results of pushover analysis using strip model,
it was found the corrugated infill panel contributed over 90% to the total initial stiffness
and this specimen exhibited unsymmetric hysteresis loops since the tension field action
only developed in the direction of the corrugations, a behavior similar to that a braced
frame with single slender brace (Bruneau et al. 1998). To achieve symmetric system
behavior, the researchers recommended two walls with opposed orientation of

corrugations be used.

The specimen using flat infill panel welded to boundary frame members reached a
ductility ratio of 12 and drift of 3.7%. Reasonable agreement was observed in the initial
stiffness and base shear strength through the comparison between experimental and

10



monotonic pushover results. The flat infill panel contributed approximately 90% of the

initial stiffness of the system.

2.6 Lin and Tsai (2004)

Lin and Tsai (2004) explored two solutions to reduce the out-of-plane deformations of
the infill panels that typically develop when the tension fields are fully formed. The first
option considered is tube restrainers placed on both sides of the infill panels. Two
specimens with 2 tubes and 3 tubes, as shown in figures 2-5 and 2-6 respectively, were
studied. An additional specimen of the other option utilized a concrete panel adjacent to
the infill steel panel to reduce panel buckling as shown in figure 2-7. In all cases, the

specimens were tested under quasi-static cyclic loading scheme.

The similarities of infill panels and boundary frame members in the SPSW specimens
made it possible to have a direct comparison of the test results between the restrained
panel by Lin and Tsai (2004), and solid panel by Vian and Bruneau (2005). It was found
the maximum base shear of these specimen using restrained systems was an average of
4% higher than the unstiffened solid panel specimen; while the elastic stiffness was an
average of 15% higher. These approaches using the restrainer systems therefore provided
a nonsignificant improvement to energy dissipation and hysteresis loops exhibited by the
unstiffened solid panel specimen, while the out-of-plane panel buckling amplitude was
reduced.
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FIGURE 2-6 Specimen 3T Test at 4% Drift (Lin and Tsai 2004)
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FIGURE 2-7 Specimen CP Test at 4% Drift (Lin and Tsai 2004)

2.7 Vian and Bruneau (2005)

Two variations on the solid fill panel system that allow for the passage of utilities through
the plane of the wall were introduced in the study by Vian and Bruneau (2005), as shown
in figures 2-8 and 2-9 respectively. One system accomplishes this goal using unstiffened
panel perforations, which, it was shown, in addition to allowing utility pass-through, may
be used to reduce the strength and stiffness of a solid panel wall to levels required in a
design when thinner plate is unavailable. Another system preserves the general strength
and stiffness of a solid SPSW panel, while allowing utility passage through a reinforced
cutout that transmits panel forces to the boundary frame.

FE analysis was used to investigate the overall behavior of the tested specimens, and aid
in defining design displacement limits for ductile performance of the perforated panel
system. Based on the test results and analytical investigation, recommendations were

presented for the ductile design of SPSW anchor beams and perforated panel systems.
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2.8 Jalali and Sazgari (2006)

Jalali and Sazgari (2006) performed theoretical and experimental post-buckling study on
SPSWs. In the first part of their research, the available theoretical relations based on strip
model were improved and used to predict the yield displacement and yield strength of a
steel panel. The second part described experimental results of a small scale SPSW
consisting of 300mmx500mm infill panel and boundary frame using simply connections.
The specimen was tested under cyclic loading in order to evaluate the force-displacement
relation and post-buckling behavior of the specimen. The test setup was shown in figure
2-10.

It was found the infill panels surrounded by boundary frame members can be able to
display ductile behavior. The drifts corresponding to the yielding and rupture in the panel
were 1.7% and 5% respectively. The FE analysis of the test specimen accurately
predicted the pre-yielding and post-buckling behavior of the steel panel and showed good

agreement with the experimental results.

balt 24
2UNP 10

FIGURE 2-10 Test Setup (Jalali and Sazgari 2006)
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In the analytical study on the SPSW, several modes of the infill panel were considered,
which is necessary for the post-buckling analysis to capture the real behavior of the
specimen. Jalali and Sazgari also examined the strain distribution along the strip element.
According to the FE results, the observed strain distribution along each strip element was
not uniform and the distribution can be approximated as parabolic distribution. The strain
at the both ends of the yielded strip is about 5 to 20 times the strain at the middle of the
strip.

2.9 Park, Kwack, Jeon, Kim and Choi (2007)

Park et al. (2007) investigated the behavior of SPSW with unstiffened thin infill panels.
Five one-third specimens of one-bay three-story prototype SPSW were tested under
cyclic lateral loading. The primary test parameters included the thickness of infill panels
and the strength and compactness of columns. The columns were either compact (SC
type) or noncompact (WC type). For the three specimens of SC type, the thicknesses of
the infill panels were 2 mm, 4 mm and 6 mm, respectively. For the two specimens of SC
type, the thicknesses of the infill panels were 4 mm and 6 mm, respectively. The
specimens were fixed at the column bases; later supports were placed to prevent out-of-
plane displacement of the boundary frame; and in-plane cyclic loads were applied at the

roof level as shown in figure 2-11.

Local tearing failures in the infill panels resulting from the repeatedly orthogonal tension
fields were observed in all specimens. Local buckling occurred in columns of the WC
specimens, resulting in a reduction of stiffness and strength of the specimen. The SC
specimens exhibited good deformation and energy absorption capacity although fractures

were observed at the column base and beam-to-column connections.

The researchers classified the SPSW deformation modes as shear-dominated behavior
and flexure-dominated behavior respectively. The walls with thin plates show shear
dominated behavior, whereas the walls with relatively thick plates show the flexure-
dominated behavior. The researchers concluded the shear-dominated walls have better

deformation capacity than the flexure-dominated walls, since infill panels yielded early
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across the wall height and plastic hinges were developed at frame members by moment-
frame actions in shear-dominated walls. Based on simple free body diagram, an

evaluation method for the SPSW deformation mode was proposed.
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FIGURE 2-11 Dimension of the Specimen (Park et al. 2007)

In addition, analytical models were developed for the SPSW specimens. The initial
stiffnesses from testing were compared with those from FE analyses. It was found the
numerical analyses overestimated the initial stiffnesses of the SPSW specimens by 10%
to 30%.

Furthermore, simplified free body diagrams for evaluating strength of columns at the first
story to ensure ductile behavior of SPSWs, were proposed and preliminary examinations
were made on the specimens using these free body diagrams. However, those free body

diagrams incorrectly neglected the effects from boundary frame moment resisting action.
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SECTION 3
EXPERIMENTAL PROGRAM DESIGN AND SETUP

3.1 Introduction

As discussed earlier, at the time of this writing, no research had directly addressed the
replaceability of the infill panels in SPSWs following an earthquake. There also remained
uncertainties regarding the seismic behavior of intermediate HBEs of SPSWs. To address
these issues, a two-phase testing program was developed to test a full-scale SPSW. This
section first describes design of the SPSW specimen. The specimen had two stories to
allow investigations of the seismic behavior of intermediate HBE. The infill panels,
which buckled and substantially yielded during the Phase | tests, were replaced by new
panels and subjected to the Phase Il tests to investigate the replaceability of the infill
panels and seismic performance of the so-repaired SPSWs. Following a discussion of the
specimen design, specimen fabrication procedure is presented. Next, the complete
experimental setup and description of the instrumentation are given. Last, material

properties from coupon tests are provided.

3.2 Design of Test Specimen

Selection of the test specimen was done such that representative SPSW frame aspect ratio
and infill plate thicknesses could be obtained. A two-story steel building prototype was
considered, for which the SPSW test specimen provided part of the lateral force resisting
system. For the prototype structure described below, seismic loads were calculated using
the equivalent lateral force procedure and the structural components (i.e. infill panels and
boundary frame) were sized to resist the corresponding earthquake forces. Limitations of

the equipment available for the testing were also considered.

3.2.1 Description and Design Loads of the Prototype Structure

The prototype structure is a two-story steel frame building with plan dimensions of 40
meters in the east-west direction and 32 meters in the north-south direction. The floor
plan is shown in figure 3-1. Heights of the first and second story measured from HBE
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centerlines are respectively 4014 mm and 3952 mm. In the north-south direction (the
direction of primary interest) there are two single-bay SPSWs that act as the primary
lateral load resisting system as shown in the figure 3-1. The bay width of each SPSW is

4000 mm measured from column centerlines.
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FIGURE 3-1 Plan View of Prototype Structure
Gravity loads determined from the prototype structure and a portion of the design live
loads were used as the active seismic weight. The equivalent lateral force procedure of
FEMA 450 (FEMA 2003) was used to calculate the design base shear. The corresponding
base shear tributary to each SPSW in the prototype structure was approximately 2011 kN
(equivalent lateral forces of 667.4 KN and 1343.6 kN applied at the first and second story
respectively). Note that the calculation of base shear applied to each SPSW neglected the
stiffness of the moment frames along the north-south directions (i.e. assuming all the
lateral forces on the prototype structure to be resisted by the SPSW system since the
moment frames were assumed to have a small stiffness relative to those SPSWs) as well
as the effect of torsional response in plan. This provided a reasonable basis to design

plate sizes.
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3.2.2 Specimen Design Procedure

Boundary frame members of the specimen were specified to be A572 Gr.50 steel
members while the infills were specified be SS400 steel panels, which is similar to
ASTM A36 steel (Kuan 2005). For the obtained equivalent lateral forces, design of the

specimen was done per the following procedure:

Step 1: Assume inclination angles of infill tension fields at the first and second story

respectively.

Step 2: Assume that 75% of the story shears are resisted by the infill panels and calculate
the corresponding required plate thickness at each story using the following equation:

0.75V,

wi = H (3-1)
0.5f,,Lsin2¢

where V; is the story shear; f

is the yield stress of the infill panel of each story; L is
the bay width of the wall; and ¢, is the infill tension field inclination angle at each story.

Step 3: Assume the size for the boundary frame members.

Step 4: Calculate the inclination angles of the infill tension fields per the equation
provided in the AISC Seismic Provisions. If the calculated angles are close to those
assumed in step 1, continue the design. Otherwise, return to step 1 and modify the

assumed angles.

Step 5: Calculate the vertical component of the infill panel yield forces acting along the
HBEsS, o,

0 » according to the following equation:

@ = f ot (cos )’ (3-2)

ypi ~wi

Step 6: Design the RBS connections at the ends of HBEs per the requirements of FEMA

350, considering the vertical uniform loads determined from (3-2).

Step 7: Perform a pushover analysis on a strip model of the wall to obtain the design

forces of boundary frame members.
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Step 8: Check the adequacy of the boundary frame members using LRFD beam-column
design equations. If all the members are adequate and not overdesigned, continue the
design. Otherwise, return to Step 3 and modify the size of the assumed members.

Step 9: Check whether or not the overall system strength (including the contributions of
boundary frame members and infill panels) obtained from pushover analysis is greater
than and close to the design base shear. If so, end the design process. Otherwise, return to

Step 3 and modify the size of the assumed members.

3.2.3 Infill Panels

Based on the design procedure described in the previous section, the minimum required
thicknesses of the infill panels at the first and second story were determined to be 2mm
and 3mm respectively. The China Steel Company provided infill panels of measured
thicknesses equivalent to 2mm and 3mm for the first and second story, respectively.
Their yield strengths were respectively determined to be 335 MPa and 338 MPa from
uniaxial tension tests of the plate coupons. Detailed data from coupon tests are presented
in Section 3.6. Since widths of the available steel plates were less than the bay width of
the specimen, the infill panel at each story was obtained by welding several steel plates.
More detailed information about the fabrication of infill panels is introduced in Section
3.3.2.

After the Phase I tests, the buckled infill panels were removed by flame cut and new
panels of same specification were installed for the Phase 11 tests. These were measured to
be 3.2 mm and 2.3 mm thick with yield strengths of 310 MPa and 285 MPa at the first
and second story, respectively. The measured differences of plate thickness and yield

stresses for Phases | and 11 are within the tolerances for such plates and steel grade.

3.2.4 Boundary Frame Members

After establishing centerline dimensions of the frame and determining the infill panel
thicknesses, design of the boundary frame members surrounding the infill panels was
done with the objective of keeping the beams and columns elastic under the maximum

loading, except for plastic hinges at the VBE bases and at the ends of HBEs which are
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necessary to develop the expected plastic mechanism. Pushover analyses on strip models
of the tested specimens were conducted using SAP 2000 to determine the maximum
moments, shear forces, and axial forces in the boundary frame members. The infill panels
were modeled as elasto-perfectly plastic materials based on uniaxial tension tests of the
plate coupons. Plastic hinges accounting for the interaction of axial force and flexure
were defined at the ends of HBEs and VBE bases. The nominal flexural strengths at the
ends of HBEs were obtained accounting for the flange reduction presented in the next
section. The design resulted in the selection of H532x314x25x40 VBESs continuous over
two stories, and H446x302x13x21, H350x252x11x19, and H458x306x17x27 HBEs at the
top, intermediate and bottom levels, respectively. The names of Taiwan designation H
shapes (corresponding to United States designation W shapes) reflect their depth, flange
width, as well as web and flange thicknesses. Figure 3-2 shows the boundary frame,
overall dimensions, and section sizes. Note that additional details illustrated in the figure
will be described in a later section. Plastic strength of the system from pushover analysis

was checked using SAP2000 to ensure that it was adequate to resist the lateral design

forces.
Composite Floor Composite Floor
(t=150mm) (t=150mm)
| | H446x302x13x21) | | | H446x302x13x21 [|
§| ‘ress resy |§ S ‘ress RSz |
Yo} o Lo L0
% Restrainer 3 3 3
&/ (Tubel2ox25xd) Il a000mm |3 Top Panel =/ 4000mm
S _Top Panel § S §
e} i s} I} ) 5}
I Composite Floor || T I Composite Floor | T
t=150mm t=150mm
] | H350x252x11x19/ [ J | H350%x252x11x19/ [
| ‘RBS2 RBS2” || Q| ‘RBS2 RBS2/ |2
x x X x
R Restrainer g 8 g
S| /(Tube125x25x2.3) |<4000mm  |S|  Botom panel | |4000mm
™ (] ™ ™
%l _-Bottom Panel & & &
™ [32] ™ ™
n [Xo] LN o
T| “Fish Plate (t=6mm) || T T | \Fish Plate (t=6mm) || T
] \H458x306x17x27 ) | J \H458x306x17x27 ) |
‘RBS1 RBS1 “RBS1 RBS1
4000mm 4000mm
Phase | Phase Il

FIGURE 3-2 Schematic of Specimens
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3.2.5 RBS Connections

Vian and Bruneau (2005) demonstrated that, for the given tension field forces,
application of RBS connections at HBE ends can achieve optimum designs of HBES (i.e.
resulting in HBEs of smaller cross-sections), particularly for those HBEs at the ground
and roof levels (i.e. anchor HBES). In addition, this type of connections is expected to
ensure the ductile behavior of SPSW. The RBS connections were designed to comply
with the existing sizing requirements, including the limit of maximum beam flange width
reduction of 50 percent (FEMA 2000). The designed RBS plastic moment reduction
ratios were 0.655, 0.674, and 0.651 for the HBEs at the bottom, intermediate, and top
levels, respectively. The schematic of RBS connections is illustrated in figure 3-3.
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FIGURE 3-3 Schematic of RBS Connections
3.2.6 Infill Plate-to-Boundary Frame Connections

"Fish plates™ were used along the boundary frame members to connect the infill panels.

Thickness of the fish plate was determined to be 6.0 mm which was thicker (and of
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higher yield strength) than the SS400 infill panels. The fish plate was attached to beam
and column flanges using fillet welds on both sides of the plate as shown in figure 3-4.
The corner detail chosen was similar to the Modified Detail B recommended by
Schumacher et al. (1999), as shown in figure 3-5. Note that the infill panels for the Phase
I tests were welded on one side of the fish plates and the new panels installed for the

Phase 11 tests were welded on the other side (after removing the Phase | panels).
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FIGURE 3-4 Fishplate and Panel Section Details
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FIGURE 3-5 Fishplate Corner Detalil
3.2.7 Slabs and Floor Trusses

Composite slabs, having a 3W-0.92t corrugated steel deck per Taiwan designation, which
is equivalent to a 3 inch composite gauge 20 deck (James River Steel 2004), were
designed to be 150 mm thick from the top of the composite slab to the bottom flute and

2480 mm wide at floor levels. Floor trusses, consisting of WT members (as part of the
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floor slab system) as shown in figure 3-6, were used to transfer in-plane loads to the

specimen at floor levels.
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FIGURE 3-6 Ancillary Trusses (a) WT Section (b) 1% Floor (c) 2" Floor
3.2.8 Restrainers

In the Phase | tests, the infill panels were laterally restrained at regular intervals by
horizontal restrainers added solely to minimize the amplitude of the out-of-plane
buckling displacements of the infill panels that typically develop in SPSWs at large

inelastic drifts. According to the restrainer design procedure proposed by Tsai et al.
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(2006), rectangular tubes of 125x75x4 and 125x75x2.3 were placed at quarter points of
the first and second story respectively as shown in figure 3-2. The names of Taiwan
designation rectangular tubes (corresponding to US designation rectangular HHS) reflect
their depth, width, as well as wall thickness. Note that no restrainers were utilized in the

Phase Il tests.

3.3 Fabrication Procedure

For fabrication of the specimen, the boundary frame was firstly constructed. Next, the
infill panels at the first and second story were built by first welding segments of steel
plates together (using full penetrate "seam" welds) and then welding the resulting plate to
the boundary frame. Finally, the concrete slabs and floor trusses were constructed. The
following sections present detailed information about this fabrication procedure.

3.3.1 Fabrication of Boundary Frame

Many steps in the fabrication of the boundary frame members, including cutting of the
reduced beam flanges in HBEs, welding of the continuity plates to the VBEs, and
welding of the fish plates to the boundary frame members, were conducted in the shop.
Those structural components were then sent to the laboratory for construction. The VBEsS
were firstly erected and fixed to the strong floor using anchor bolts at their bases (figure
3-7). After that, top, intermediate, and bottom HBEs were lifted and welded to the VBESs
(figure 3-8).
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FIGURE 3-8 Installation of HBEs
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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3.3.2 Fabrication of Infill Panels

As mentioned earlier, the needed infill panels are 3468 mm wide, which is greater than
the width of the available steel plates. To build the infill panels, small segments of steel
plates were welded for the first-story and second-story infill panels, respectively. Those
small plate segments were manually welded by the fabricator using E7018 electrodes and

full penetration welds as shown in figure 3-9.

To control the quality of welds, the boundary frame was laid down on the strong floor
and the assembled infill panels were welded to the fish plates along the boundary frame
members. During this welding process, the infill panels were supported using temporary
restrainers to prevent excessive out-of-plane deflection. The above procedures are
illustrated in figures 3-9 to 3-12. After welding the infill panels to boundary frame, the
specimen was erected and fixed to the strong floor.

FIGURE 3-9 Manual Welds along Small Plate Segment Edges
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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FIGURE 3-10 Assembled Infill Panels

Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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FIGE 3-11 Restrainers in the Fram
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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FIGURE 3-12 Welding Infill Panels to Boundary Frame
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)

3.3.3 Fabrication of Concrete Slabs

The next step in fabrication of the specimen was construction of the composite slabs. The
floor trusses which were used to transfer the lateral forces of actuators to the specimen
were installed to the specimen at floor levels followed by the installation of corrugated
steel decks. Self consolidating concrete was then cast into the steel decks. Figures 3-13

and 3-14 show the construction process of the slab.
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FIGURE 3-13 Corrugated Steel Deck
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)

-

FIGURE 3-14 Casting Concrete Slab
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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3.4 Test Setup

The test setup details are described in this section. Note that the loading protocol and

observations of test results are presented in the Section 4.

3.4.1 NCREE Laboratory and Test Setup

The experimental phase of this research project was conducted in collaboration with
NCREE in Taipei, Taiwan. The NCREE laboratory has experience and equipments to
perform pseudodynamic and quasi-static cyclic testing on large-scale specimen, and the

capabilities to apply the large lateral force required for this specimen.

The NCREE's reinforced concrete reaction wall and strong floor facility for large-scale
structural testing, illustrated in figure 3-15 (NCREE 2002), was used for this purpose.
The reaction wall consists of two parallel 1200 mm thick reinforced and post-tensioned
concrete walls, separated by a distance of 2600 mm, and tied together by 400 mm thick
reinforced concrete ribs spaced at 3000 mm. Plan view and elevation of the test setup for

this testing are illustrated in figures 3-16 and 3-17, respectively.

National Center For Research
On Earthquake Engineering.

FIGURE 3-15 NCREE Reaction Wall and Strong Floor Layout (NCREE 2002)
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3.4.2 Specimen Mounting

Base plates 100 mm thick were fastened to the strong floor using high strength, post-
tensioned rods. Then, the 50-mm-thick VBE end plates were attached to the base plates
using eighteen M30 A490 high strength bolts to provide sufficient base shear strength.

3.4.3 Actuator Mounting

In-plane (north-south) servo controlled hydraulic actuators were mounted between the
specimen and reaction wall as shown in figures 3-16 and 3-17(a). Three actuators with an
individual load capacity of 1000 kN and an available stroke of 500mm were employed to
apply in-plane loading on the specimen at each story. Floor trusses (as part of the floor
slab system) were used to transfer the in-plane loads to the specimen at the floor levels.

A vertical load of 1400 kN was applied by a reaction beam at the top of each column to
simulate the gravity loads that would be present in the prototype structure. Each reaction
beam transferred the load exerted by two vertical actuators mounted between the reaction

beam and anchor rods pinned to the strong floor.

3.4.4 Lateral Supports

To avoid out-of-plane (east-west) displacements of the SPSW, lateral bracing was
provided at floor levels through the use of two hydraulic actuators mounted between the
edge of the floor (floor truss) and a reaction frame as shown in figures 3-16 and 3-17(b).
Those actuators were pinned at each end and acted as out-of-plane rollers, allowing
development of the expected specimen deformations. Note that large out-of-plane forces

were not expected in this testing.

3.5 Instrumentation

Behavior of the boundary frame as well as infill panels during testing was measured in a
number of ways as described below. A total of 203 data acquisition channels were used to
collect experimental data. In addition, five video cameras were used to record the global

behavior of the specimen and the local behavior of the RBS connections and infill panels.
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3.5.1 Frame Behavior

3.5.1.1 Strains in Frame Members

Uniaxial strain gauges were placed at quarter points of the story height on the flange of
each column and center of the reduced flange of each beam as shown in figure 3-18.
Assuming that plane sections remain plane, this arrangement allows for measurement of
average axial strains and curvature at a cross-section, which can be used to calculate axial
load and moment, respectively, at that location. Rosette strain gauges were placed at 1/4
and 3/4 points of the story height on the web of each column (one on each side of the

web) so that the principal stresses at these locations could be obtained.

— Rosette Strain Gauge : 7. =

¥ Uniaxial strain Gauge

s IS

I | I I

I~ | ]
]_ =

Infill Panel - =
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Wﬁ{z
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T il

1 7

FIGURE 3-18 Strain Gauges on the SPSW
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3.5.1.2 Frame/Specimen Displacement

Tiltmeters were placed at various locations as shown in figure 3-19 on the boundary
frame to obtain in-plane rotations of these parts. Dial meters were placed at column base
to monitor the relative displacement between the column bases and strong floor caused

by possible slippage of the specimen on the strong floor under in-plane loading.

500 500
g\ NI i E
—_ -_—
o - = Tiltmeter - AN
i i
~H <—— Dial meters i
(@] (@)
i ip!
<t . e &
400 400

—_ —-_
(@ - - _
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? ip
I - 11500 500 2

ML {

—— ——

FIGURE 3-19 Tiltmeters and Dial Meters on the SPSW
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Magnetostrictive transducers (Temposonics) were placed at the north ends of the
intermediate and top HBEs as shown in figure 3-20, respectively, to obtain the floor
displacements and correspondingly determine the story drift histories during testing.

Actuators Temposonics

T -

o i Shs

A

2 H X i

- PI Gauge

— —

FIGURE 3-20 Temposonics on the SPSW
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3.5.1.3 Panel Zone Deformation Measurements

For measuring the deformations of the panel zones, Pl gauges were respectively placed at
the panel zones of intermediate and bottom HBE-to-VBE connections as shown in figure
3-20. A PI gauge device consists of an aluminum bar, one end pinned at a corner of the
panel zone and the other end slotted to allow movement but guidance along the diagonal,
while there is a piece of metal, bent in a semi-circular "omega" shape, which measures
displacement via a calibrated strain gage, as this omega shape opens or closes (Vian and
Bruneau 2005).

3.5.2 Panel Behavior

Linearly variable displacement transformeters (LVDTSs) were placed across the panels at
an angle of 41degrees from the vertical to obtain the diagonal elongation of the infill

panels as shown in figure 3-21 (12 LVDTs for each story, i.e. six on each side of the infill

panel).
LVDTs
41"’7
/5
/
%
i — 1
e — e —

FIGURE 3-21 LVDTs on the SPSW
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3.6 Material Tests

Compressive strength of the concrete used in slabs was determined to be 27.5 MPa from
cylinder tests conducted 14 days after casting. Coupons of the boundary frame members
as well as infill panels were tested in a universal testing machine to determine the
material strengths. Strains were recorded using an MTS electro-mechanical extensometer

as shown in figure 3-22.

Extensometer

FIGURE 3-22 Coupon Test Setup
The tested coupons were cut along rolling direction of the plates. Considering that tension
fields typically develop along the diagonal direction in infill panels, coupons cut at an
angle of 45 degree to the rolling direction from the Phase Il infill panels were also tested.
The results of coupon tests for the boundary frame members and infill panels are
summarized in tables 3-1 and 3-2. Stress vs. strain curves of the tested coupons are
presented in figures 3-23 to 3-27. As shown, all plates displayed ductile behavior. The
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infill panel coupons cut along the rolling direction and those at the 45-degree direction
have similar yield and ultimate strengths.

TABLE 3-1 Material Properties of Boundary Frame Members

Nominal Actual Yield Ultimate
Coupon Description thickness thickness strength” strength
(mm) (mm) (MPa) (MPa)

Bottom HBE flange 27 28 335 496
Bottom HBE web 17 19 290 500
Intermediate HBE flange 19 19 470 589
Intermediate HBE web 11 12 475 608
Top HBE flange 21 22 350 519
Top HBE web 13 13 290 467
VBE flange 40 40 357 548
VBE web 25 25 370 505

“the lower yield strength obtained from testing

TABLE 3-2 Material Properties of Infill Panels

Nominal Actual Yield Ultimate
Coupon ID  Phase Story thickness thickness strength strength
(mm) (mm) (MPa) (MPa)
1 I 1F 3 3.0 338 482
2 I 2F 2 2.0 335 412
3 I 1F 3 3.2 312 425
4 I 1F 3 3.2 308 445
5 1 2F 2 2.3 290 360
6 1 2F 2 2.3 280 376

“cut along 45° direction to the rolling direction
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SECTION 4
EXPERIMENTAL PROGRAM RESULTS AND OBSERVATIONS

4.1 Introduction

As introduced in Section 3, a two-phase experimental program was developed to test a
full-scale two-story SPSW specimen with RBS connections to address the replaceability
of infill panels following an earthquake, the behavior of the repaired SPSW in a
subsequent earthquake, and the seismic performance of the intermediate HBE. This
section focuses on the behavior of the specimen in the Phase Il tests to experimentally
address the above issues. However, for comparison purpose and completeness, a number

of key observations from the Phase | tests are also provided.

Note that the Phase | tests were entirely the responsibility of NCREE, as part of this
MCEER/NCREE collaborative research program on SPSWs. In fact, early tests
conducted at low amplitudes for the purpose of preliminary determination of the
specimen properties revealed deficiency in the test setup. The entire experimental
schedule had to be adjusted consequently. Participation of the author in this collaborative
program focused entirely on the activities after the Phase | tests (i.e. started from the
replacement of infill panels as part of the Phase Il testing program). However, direct
observation was possible at the midways of the Phase | tests. More information about the
Phase | tests is presented in Tsai et al. (2006). However, since the behaviors observed in
the Phase 1l tests are dependent on some of the characteristics observed in Phase I, the
substantial part of this section is devoted to repeating the information presented in Tsai et
al. (2006).

The following sections first introduce the pseudodynamic testing method used in the tests
along with the earthquake and cyclic loading programs. Following this discussion,
qualitative and quantitative observations regarding the specimen performance during both
linear and nonlinear behaviors are presented. The infill panel replacement between the
Phase | and Phase Il tests and some remedy work conduced to correct premature damage

that occurred in the specimen during testing are also presented.
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4.2 Phase | Tests

As reviewed in Section 2, most of the previous experimental research on full-scale (and
large-scale) SPSWs was conducted using the quasi-static testing method. However, the
cyclic displacement histories applied on the tested specimens in those investigations may
not necessarily correspond to the inertial force effects on the prototype structures of those
specimens in an actual earthquake. To have a better understanding of the seismic
behavior of SPSW system, the specimen described in Section 3 was tested using the
pseudodynamic testing procedure in the Phase | tests. The following briefly describes this
testing method and the earthquake time histories used in this investigation, followed by
the seismic responses of the specimen obtained in each test of this phase. Then,

observations regarding behavior of the specimen made during the tests are presented.

4.2.1 Pseudodynamic Testing Procedure and Ground Motions

The pseudodynamic sub-structural testing technique was adopted in this study for the
purpose of obtaining the seismic response of the entire prototype structure described in
Section 3 through testing the considered sub-structural assembly (i.e. the SPSW). Using
this approach, the SPSW specimen, which was the primary lateral force resisting system
of the prototype structure of interest, was physically tested, while the rest of the 3D
prototype structure shown in figure 3-1 including the moment frame acting in the other
principal direction of the building were numerically modeled in the computer. The
equilibrium and displacement compatibility conditions between the experimental and
analytical sub-structures were enforced by the loading system. Descriptions of the theory
underlying the well-known pseudodynamic analysis method are available in the literature
(Tsai et al. 2006) and not reported here.

In this research, the computer program package PISA3D developed by NCREE was used
as the control and analysis engine to model the above mentioned sub-structural
assemblies and determine the corresponding inertia forces. To be able to initiate the
pseudodynamic test, initial stiffness must be entered in the computer program. In this
case, the stiffness was obtained through preliminary testing the wall in the elastic range.

The tests were webcast to the public through http://exp.ncree.org/spsw/.
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The pseudodynamic testing method requires that the specimen be subjected to an
earthquake excitation. Therefore, selection of a specific ground motion is necessary to
calculate structural response in the analysis and control engine (i.e. PISA 3D as
mentioned earlier). In this study, the ground acceleration history of the 1999 Chi-Chi
earthquake recorded at the station TCUO82EW was chosen to be representative of the

large earthquake excitation having a long return period likely to occur in Taiwan.

The original record of the above earthquake is a 35-second ground acceleration history.
To obtain the structural response during the earthquake as well as that right after the
earthquake (i.e. free vibration response of the structure), a 15-second period of time with
no ground acceleration was artificially added at the end of the abovementioned 35-second

record, resulting in a 50-second ground acceleration record for the entire tests.

The ground acceleration record was scaled so that the spectral acceleration (5% damping)
associated with the first mode period determined from the eigenvalue analysis was
equivalent to that for a 2500-year return period design response spectra. Accordingly, the
scaled earthquake record has a peak ground acceleration (PGA) of 0.63g and a peak
pseudo-acceleration (PSa) response of 1.85 g at the fundamental period of 0.52 second

for the prototype structure as shown in figure 4-1.

In order to investigate the seismic behavior of the wall in a severe earthquake as well as
during large aftershocks, the SPSW specimen as tested under three pseudodynamic
sequences using the above earthquake record scaled up to levels of excitations
representative of seismic hazards having 2, 10, and 50% probabilities of exceedances in
50 years, subjecting the SPSW specimen to earthquakes of progressively decreasing

intensity.
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FIGURE 4-1 PSa Spectrum of the Chi-Chi Earthquake
(2% in 50 Yrs and 5% Damping)

4.2.2 Specimen Responses

Before the pesudodynamic tests could be successfully conducted, some problems
encountered in the early stage of the Phase | tests. In the first two tests using the
earthquake having a probability of exceedance in 50 years, unexpected failures were
encountered in the intermediate concrete slab and the south VBE base. The specimen was
strengthened twice as described later. After that, the third test on the SPSW specimen was
conducted using the earthquake having a probability of exceedance in 50 years. Then,
Tests 4 and 5 simulated the aftershocks of decreasing magnitudes. Therefore, a total of 5

tests were conducted in Phase | as summarized in table 4-1.

TABLE 4-1 Summary of the Phase | Tests

Test ID Stoppage time step (sec) | Hazard level in 50 yrs (%) Testing Date
1 9.5 2 Oct. 7, 2005
2 24 2 Nov. 7, 2005
3 50 2 Feb. 8, 2006
4 50 10 Feb.9, 2006
5 50 50 Feb. 10, 2006
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Note that, although some observations made during Tests 1 and 2 are presented in the
following sections, the results of these two tests are not compared here since those two
tests did not generate complete testing data due to the premature failures.

For convenience, the ground motion inputs, displacement histories at floor levels, story
shear responses, recorded in Tests 3, 4 and 5 are shown in figures 4-3, 4-5 and 4-7,
respectively. It should be noted that in this report, the displacement and story drifts
designated as "+" or "-" refer to loading in the north and south direction (i.e. pushing
away from or pulling towards the reaction wall, recalling the test set up illustrated in
Section 3), respectively. Hystereses obtained from Tests 3, 4 and 5 are presented in
figures 4-2, 4-4 and 4-6, respectively. Generally, the SPSW specimen behaved
satisfactorily as expected in Tests 3, 4 and 5. As shown, the SPSW specimen experienced
a strong earthquake was able to dissipate certain amounts of hysteretic energy in a severe
aftershock and exhibited essentially elastic behavior when the intensity of the earthquake
loads decreased.

For comparison purpose, the maximum drift and story shear force responses of Tests 3, 4,

and 5 are summarized in table 4-2.

TABLE 4-2 Summary of the Maximum Response of the Phase | tests

PGA Positive Loading Negative Loading
Tests © Story Story shear  Story drift ~ Story shear  Story drift

(kN) (%) (kN) (%)

1F 3960 2.60 23856 21.85

Test3 0.67 oF 2501 2.30 -2526 -1.47

1F 3478 2.00 -3287 -1.73

Test4 0.53 oF 1940 1.76 -2393 -1.48

1F 1396 1.19 -1228 -0.47

Test5 0.22 oF 814 1.13 -1025 -0.48
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4.2.3 Experimental Observations of Phase |

4.2.3.1 Phase I-Test 1

The first test of Phase | was conducted using the Chi-Chi earthquake scaled to represent a
hazard level having a 2% probability of exceedance in 50 years as described earlier. The
gravity load of 1400 kN was first applied at the top of each VBE. An inspection of the
infill panels revealed that no visible plate buckling occurred. Then, the pseudodynamic

loads were applied on the specimen.

The test proceeded smoothly until 9.00 seconds from the beginning of the ground motion
(recognizing that the experimental time scale is different from the excitation time scale in
the pseudodynamic test procedure), when several pinging sounds were heard coming
from the west side of the intermediate concrete slab. Inspection of that slab revealed that
a crack along its longitudinal direction (i.e. along the north-south direction) developed
adjacent to the south column, as shown in figure 4-8. The above mentioned crack
propagated along the slab above the intermediate HBE, as shown in figure 4-9, when
testing continued on the specimen.

At 9.50 seconds from the beginning of the ground motion, the longitudinal crack opened
substantially in the intermediate HBE slab as shown in figure 4-10, resulting in a failure
of loading transfer mechanism. Although the infill panels and boundary frame members
exhibited mostly linear behavior (i.e. no visible plate buckling and whitewash flaking
were observed during the test), the load path in the specimen had changed significantly
from the intended design and the damage on the slab made it impractical to continue

testing.

The above failure was primarily due to the insufficient longitudinal shear strength of the
intermediate concrete slab. In addition, as previously shown in figure 3-6, the west side of
the intermediate floor trusses had less truss members than the south side. This layout
compromised the in-plane loading transfer capability of the west-side intermediate floor.

To repair the in-plane loading transfer system, instead of replacing the slab, the specimen

was unloaded to its original position and additional diagonal members were added to the
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intermediate floor truss to enhance the existing loading transfer capacity as shown in
figure 4-11. In order to limit the impacts of the resulting floor truss on the behavior of the
RBS connections in the intermediate HBE, the newly added truss members were

connected to the intermediate HBE outside the RBS region as shown in figure 4-12.
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FIGURE 4-8 Onset of the Crack in Intermediate Concrete Slab
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)

Longitudinal direction

FIGURE 4-9 Propagation of the Crack in Intermediate Concrete Slab
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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(a) Crack along the Intermediate HB

(b) Crack at the South End of the Intermediate HBE

FIGURE 4-10 Penetration of the Crack in Intermediate Concrete Slab
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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FIGURE 4-11 Layout of the Intermediate Floor Truss Strengthened after Test 1

FIGURE 4-12 Typical Floor-Truss-Member-to-Intermediate-HBE Connection
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4.2.3.2 Phase I-Test 2

After doing the above strengthening work, Test 2 was conducted using the same loading
program as Test 1. Visible buckling and yielding of the infill panels was observed as the
story drift increased in Test 2, along with audible pinging sounds when the panel fold that
developed in the previous loading cycles reoriented themselves. The boundary frame
members behaved similarly to Test 3 (described in greater length in the next section) to
24 seconds from the beginning of the ground motion, when the anchor bolts used to fix
the south VBE base fractured followed by a significant slip deformation of the

intermediate concrete slab from the corrugated steel deck. The test was then stopped.

The specimen was relocated to its original position. At that point, the cracked
intermediate concrete slab was removed and a new slab was reconstructed as shown in
figure 4-14. In addition, the west side of the intermediate floor truss was further
strengthened by adding more members to provide a larger load transfer capacity as shown
in figure 4-13. The fractured anchor bolts at the south VBE base were replaced by new
ones and the south and north VBE bases were further strengthened by welding the VBE

end plates to anchor plates connected to the strong floor.

Members added after Test 24
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FIGURE 4-13 Layout of the Intermediate Floor Truss Strengthened after Test 1
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(b) Rebar Layout of the Intermediate Slab

FIGURE 4-14 Reconstruction of the Intermediate Slab
(Photo Courtesy of C.H.Lin and K.C.Tsai, NCREE)
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4.2.3.3 Phase I-Test 3

After proper curing of the concrete used to repair the intermediate concrete slab (such
that it could develop its expected strength, Test 3 was conducted restarting from the

beginning of the same pseudodynamic loading history as for Tests 1 and 2.

Elastic buckling of the panel and linear force-displacement behavior were observed
during the early stage of this test. Yielding of the infill panels (as usually indicated by the
whitewash flaking) were observed after the test proceeded to 6.68 seconds from the
beginning of the earthquake excitation. Flaking of whitewash was noted along the tension
field direction in a number of locations on the infill panels as shown in figure 4-15.

By 9.97 seconds from the beginning of the ground motion, when a base shear of
approximately 3284 kN had been imparted on the specimen, previously observed yielding
of infill panels along the tension field inclination directions as shown in figure 4-15 was
spread across the infill panels followed by initiation of some panel tears, presumably
resulting from low cycle fatigue at the ridge of buckles, as shown in figures 4-16. The
infill panels remained slightly buckled when the specimen was returned to zero

displacement as shown in figure 4-17.

At 20.70 seconds from the beginning of the ground motion (before the specimen
experienced the peak response), the test was paused and an inspection was made on the
specimen. As a result of cyclic infill panel yielding, infill panel tears previously observed,
as shown in figure 4-16 further developed as shown in figure 4-18.

As the test proceeded, the specimen experienced the peak story drift responses of 2.6 and
2.2% at the first and second story, respectively. Yield lines were also observed in a
number of locations in the boundary frame members. Web of the intermediate HBE
yielded significantly over their entire beam depth in the RBS region, as shown in figure
4-19a. This yielding behavior suggests the presence of substantial shear force and axial
force developed in the beam. Visible yield lines were observed on the bottom flanges of
the intermediate HBE. Interestingly, as shown in figure 4-19b, these yielding lines on the

bottom flange of the intermediate HBE spread over the half of the reduced flange region
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close to the VBE face rather than concentrating at the center of the RBS region (i.e.
where the flange is reduced the most).

The yielding behavior of the top HBE was quite similar to the intermediate HBE, but to a
lesser degree, as shown in figure 4-20. However, different from the top and intermediate
HBEs, no prominent yielding was observed in the bottom HBE since plastic hinges
developed at the VBE bases mostly above the bottom HBE (as indicated by the VBE
yielding pattern described below). Only a limited number of yield lines appeared on the
web of the bottom HBE, over the RBS region, as shown in figure 4-21.

Significant flaking of the whitewash was observed on the VBE flanges at the north and
south VBE bases as shown in figure 4-23 while yielding, but to a of lower degree, was

seen to have developed on the VBE webs, as shown in figure 4-22.

The testing was eventually concluded at 50 seconds from the beginning of the ground
motion. Throughout the test, no in-span plastic hinge was observed in the HBEs at all
levels. Welds used to connect the infill plate segments (as mentioned in Section 3) in the
panel interior remained intact. No other yielding lines were visible along the VBE height,
indicating that, as intended, the VBEs behaved primarily in the elastic range except at

their bases.
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FIGURE 4-15 Yield Lines across the Infill Panel

FIGURE 4-16 Initiation of the Panel Tear

64



e d

(b) The Second Story
FIGURE 4-17 Buckled Panels at the Neutral Position of the Specimen
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(b) Detail of Panel Tear
FIGURE 4-18 Panel Tear in Test 3
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(b) South End of the Intermediate HBE
FIGURE 4-19 Yielding Pattern of the Intermediate HBE in Test 3
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(a) Web Yielding at the North End of the Top HBE

Yield lines

(b) Flange Yielding at the North End of the Top HBE — East Side
FIGURE 4-20 Yielding Pattern of the Top HBE in Test 3
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Center Line of RBS

(c) Flange Yielding at the North End of the Top HBE — West Side
FIGURE 4-20 (Cont'd) Yielding Pattern of the Top HBE in Test 3
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(a) North End of the Bottom HBE — East Side

(b) North End of the Bottom HBE — West Side
FIGURE 4-21 Yielding Pattern of the Bottom HBE in Test 3
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(c) South End of the Bottom HBE - East Side

(d) South End of the Bottom HBE — West Side
FIGURE 4-21 (Cont'd) Yielding Pattern of the Bottom HBE in Test 3
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(a) West Side (b) East Side
FIGURE 4-22 VBE Web Yielding Pattern at the North VBE Base in Test 3

(a) South VBE Base (b) North VBE Base
FIGURE 4-23 VBE Flange Yielding Pattern at the Column Bases in Test 3
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4.2.3.4 Phase I-Test 4

The next stage of the Phase I tests included testing the SPSW specimen using the Chi-Chi
earthquake record (TCUO8-EW) scaled to a level representative of a seismic hazard
having a 10% probability of exceedance in 50 years, to investigate how the SPSW would

behave in a subsequent larger aftershock.

The same gravity load of 1400 kN as used in previous tests was applied at the top of each
VBE followed by the application of pseudodynamic earthquake loads. The test was
paused for inspections at 17.15 seconds, 22.38 seconds, 24.68 seconds, and 25.17 seconds
from the beginning of the ground motion.

In the early stage of this test, there was no audible buckling sound from the infill panel.
As the test progressed, audible buckling sounds (which came from the alternating tension
field orientation during reversed loading cycles as observed in the previous tests) began

and the magnitude of the buckling waves grew remarkably.

At 25.17 seconds from the beginning of the earthquake excitation, fractures were
observed at the lower north corner of the first-story infill panel, as shown in figure 4-24.
Those fractures initiated at the toes of the fillet welds connecting the infill panels to the
fish plates. After further inspection, the other corners of the infill panels at the first and
second story were found to have similar fractures. All those fractures were less than 25

mm in length throughout the test and did not affect the story shear strength of the wall.

The infill panel tears observed in the prior tests continued to propagate as the test
proceeded. Figure 4-25 shows the worst tear, which was approximately 250 mm in length
in the first-story infill panel, at the end of this test. During this test, the extent of visible
yielding increased at the RBS connections of all levels and at the VBE bases, while no
fractures were found in the boundary frame members. No strength degradation was
observed during the test.
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FIGURE 4-24 F

ures at the Corner of the First-Story Infill Panel

ract

FIGURE 4-25 Panel Tear in the First-Story Infill Panel (at the End of Test 4)
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4.2.3.5 Phase I-Test 5

The last test of Phase | was conducted using the Chi-Chi earthquake record (TCUO08-EW)
scaled to a level representative of a seismic hazard having a 50% probability of
exceedance in 50 years, to investigate how the SPSW would behave in a subsequent

smaller aftershock.

The test was paused at 17.15 seconds and 25.18 seconds from the beginning of the
earthquake. There was little yielding in the tests, as reflected by the fact that the story
shear vs. drift behavior of the specimen remained virtually linear as shown in figure 4-6.
Throughout this test, no fractures were observed on the boundary frame members and the

infill panel damages observed previously did not progress to a higher degree of severity.

4.3 Infill Panel Replacement

At the end of the Phase | tests, the residual story drifts were 0.31 and 0.29% at the first
and second story, respectively; and no fracture was found in the boundary frame, which
was deemed to be in satisfactory condition, allowing for the replacement of infill panels
for the subsequent phase of testing. It took a crew of three technicians 2-1/2 days to

complete the infill panel replacement.

As shown in figure 4-26, the buckled plates were cut along the fish plates as well as along
the horizontal lines at the quarter points of story height. Some of the cutout buckled
panel, and the specimen and fish plate details after removing the infill panels are shown

in figures 4-27 and 4-28, respectively.

New infills were installed into the structural frame of the specimen by welding along the
fish plates as shown in figure 4-29. These panel segments (approximately 1200mm X
4000mm) were then connected together, first by tack welding at a number of points along
their edges to keep them aligned, and then by continuous full penetration welds along
their edges, as shown in figure 4-30. The infill panels of the Phase | tests were welded on
one side of the fish plates and those of the Phase Il tests were welded to the other side as
shown in figure 4-31. The so-repaired specimen before the Phase Il tests is shown in
figure 4-32.
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FIGURE 4-27 Cutout Buckled Panels
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Fish plate

(b) Detail of the Fish Plates
FIGURE 4-28 Specimen after the Infill Panel Removal
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(a) the Second Story (b) the First Story
FIGURE 4-29 New Panel Installation

(a) Tack Welds (b) Final Continuous Welds
FIGURE 4-30 Welds in New Panels Interior
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Leftover of
Phase I plate

FIGURE 4-32 Specimen prior Phase Il Tests
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4.4 Phase Il Tests

The objective of the Phase 1l tests is to experimentally address the ultimate behavior of
the intermediate HBE of the wall and the performance of the repaired SPSW in a new
earthquake. For those purposes, the specimen was tested under pseudodynamic loads
followed by cyclic loads to failure. The following describes the loading programs,

observation, and test results of the Phase Il tests

4.4.1 Loading Programs

In order to investigate how the repaired SPSW specimen would behave in a second
earthquake in the first stage of Phase Il, the specimen was tested under the
pseudodynamic loads corresponding to the Chi-Chi earthquake record (TCU082-EW)
scaled to a seismic hazard having a 2% probability of exceedance in 50 years (i.e.
equivalent to the first earthquake record considered in the Phase | tests). For convenience,
hystereses obtained from the Phase Il pseudodynamic test is presented in figure 4-33. The
corresponding ground motion inputs, displacement histories at floor levels, story shear
responses, recorded in the test is shown in figure 4-34.

The next stage of the Phase Il tests involved cyclic tests of the SPSW specimen to
investigate the ultimate behavior of the intermediate HBE and the cyclic behavior and
ultimate capacity of the wall. A displacement-controlled scheme was selected for the
cyclic test. Because the first mode response dominated the global response of the SPSW
in the prior pseudodynamic test (although some higher mode effects were observed) and
to allow testing both stories even if failure progressively develops at one of the two
stories, a displacement constraint was exerted to ensure that the in-plane actuators

displaced in a ratio corresponding to a first mode of response throughout the entire test.

Table 4-3 shows the story drift history applied during the cyclic testing of the first and
second story respectively. Since the specimen was pulled (to the south) to the maximum
actuator stroke when the peak story drifts reached -3.2% and -3.0% at the first and second
story respectively, the applied displacement history became unsymmetrical beyond that
point, in that the peak story drifts due to loading toward the south were kept at -3.2% and

-3.0% at the first and second story respectively in all subsequent cycles while increasing
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displacements were still applied in the other direction. The hysteretic curves

progressively obtained from the Phase I1 cyclic test are shown in figure 4-35.

TABLE 4-3 Cyclic Story Drift Histories

Displacement Number Cumulative 1F 2F
step of number of P(_)sitive Nggative Pc_>sitive Nggative
cycles cycles drift (%) drift (%) drift (%) drift (%)
1 2 2 1.2 -1.2 1.0 -1.0
2 2 4 2.4 -2.4 2.0 -2.0
3 2 6 3.0 -3.0 2.5 -2.5
4 2 8 3.2 -3.2 3.0 -3.0
5 2 10 3.7 -3.2 3.5 -3.0
6 2 12 4.3 -3.2 4.0 -3.0
7 2 14 4.8 -3.2 4.5 -3.0
8 0.25 14.25 5.2 - 5.0 -

®Not applicable.
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FIGURE 4-35 Progressive Hystereses of the Phase 11 Cycle Test
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4.4.2 Experimental Observation of the Phase Il Tests
4.4.2.1 Phase Il Pseudodynamic Test

Starting the earthquake record at 0 second, there was very little yielding/buckling during
the early stage of this test, as reflected by the fact that the story shear vs. story drifts
behavior of the specimen remained virtually linear. The specimen remained elastic all the

way until the time of 4.16 seconds from the beginning of the earthquake excitation.

As the test proceeded, there had been audible buckling sound from the infill panels and

visible elastic buckling of the panels was observed as shown in figure 4-36.

As the test was further progressed, the buckling sound grew louder and the magnitude of
buckling waves on the infill panels increased as shown in figure 4-37. Yielding of the
first-story infill panel started from the lower north corner and then spread across the panel
interior. Yield was also apparent in the second-story infill panel, but to a lesser degree.

Figure 4-38 shows an early stage of the yielding along one yield line of the infill panels.

For the time between 5.00 seconds and 12.00 seconds from the beginning of the
earthquake excitation, the characteristic diagonal tension fields, as represented by the
formation of panel folds shown in figure 4-39, were detected in both stories. When the
SPSW specimen reached higher story drifts, more waves were seen over the infill panels.
From the square grid painted over the whitewash on the infill panels it is apparent that the
buckling waves, and hence the tension field, were oriented at approximately 45° from
vertical. In addition, loud noises were heard as the panel reoriented its tension field and
buckle waves upon reversal of the loading direction. After unloading to the original
position of the specimen, as shown in figure 4-40 residual buckles were visible in a
complex surface geometry that did not favor any particular orientation of the buckles in
either direction of loading (contrary to what was shown in figure 4-39 at large drifts).
This phenomenon indicated that the infill panels had undergone significant plastic
elongations and could not "fit" its original place without buckling.

At 19.84 seconds from the beginning of the ground motion, i.e. a point before the SPSW

specimen experienced the maximum story drift response, the test was paused and the
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specimen was visually inspected. Yielding of infill panels had become more evident in
both stories. As a result of the cyclic infill panel yielding, small plate tears had occurred
in the specimens. Besides the typical tears at sharp buckle ridge in the panel interior as
shown in figure 4-41, which are similar to those observed in the Phase | tests, tears were
also found along the welds connecting the infill panels to the fish plates. Figure 4-42
shows the plate tears along the VBE and HBE respectively. These plate tears did not
propagate severely during the subsequent loading steps and were considered to have a
negligible effect on the overall behavior. Yield of the RBS connections of the
intermediate and top HBEs became more pronounced following the same pattern
described earlier (see figures 4-19 and 4-20). More importantly, a vertical fracture
initiated at the bottom of the shear tab at the north end of the intermediate HBE as shows

in figure 4-43. However, no reduction in story shear strength was observed.

Testing then resumed, and the specimen reached its maximum deformation (i.e. story
drifts of 2.6% and 2.3% at the first and second story respectively). Several loud bangs
were heard from the specimen. Another inspection made at 25.26 seconds from the
beginning of the earthquake revealed that cracks developed in a number of locations in
the concrete slabs of the specimen. However, those cracks did not propagate, resulting in
no impact on the floor capacity of transfer the loads to the SPSW specimen and no
reduction in story shear strength. Figure 4-44 shows a typical crack in the slab at
intermediate level. The abovementioned cracks at the shear tab of the intermediate HBE
further progressed, but to a limited degree. Figure 4-45 shows the progressive crack
propagation (i.e. the crack respectively observed at 19.84 seconds, 22.75 seconds and

25.26 seconds from the beginning of the ground motions).

The testing eventually concluded at 50 seconds from the beginning of the earthquake
excitation. Throughout the test, no in-span plastic hinge was observed in the HBEs at all
levels. Welds connecting the small infill plate segments in the panel interior remained
intact. The maximum amplitude of infill panel buckles was larger than that of the Phase |
specimen, in which the infill panels were restrained at the quarter story heights. Similar to
the Phase | tests, no other yielding lines were visible along the VBE height, indicating
that, as intended, the VBEs behaved primarily in the elastic range except at their bases.
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(a) The First Story (b) The Second Story
FIGURE 4-36 Onset of Elastic Buckling of Infill Panels

(b) The Second Story
FIGURE 4-37 Developed Elastic Buckling of Infill Panels
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(b) Upper North Corner of The Second-Story Panel
FIGURE 4-38 Typical Yield Lines across the Infill Panels
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(a) The First Story (b) The Second Story
FIGURE 4-39 Characteristic Diagonal Tension Field Folds

(a) The First Story (b) The Second Story
FIGURE 4-40 Residual Buckles of Infill Panels
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FIGURE 4-41 Tears in the Panel Interior of the Phase Il Specimen

(a) Along HBE (b) Along VBE
FIGURE 4-42 Panel Tears along Boundary Frame Members
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(a) Overview of the Fracture at the Shear Tab
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(a) Detail of the Fracture at the Shear Tab

FIGURE 4-43 Formation of the Crack at the Bottom of the Shear Tab at the North
End of the Intermediate HBE
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FIGURE 4-44 Cracks in the Intermediate Slab

~

10.84Sec  22.75Sec  25.26 Sec

FIGURE 4-45 Development of the Fracture at the Bottom of the Shear Tab at the
North End of the Intermediate HBE
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4.4.2.2 Phase Il Cyclic Test

The next stage of the Phase Il tests involved cyclic test of the SPSW specimen to
investigate the ultimate behavior of the intermediate HBE and the cyclic behavior and

ultimate capacity of the SPSW specimen.

As mentioned earlier, the boundary frame members were still in good condition after the
Phase Il pseudodynamic test, except for a small visible fracture at the bottom of the shear
tab at the north end of the intermediate beam. To correct this limited damage and get a
better assessment of the possible ultimate capacity of the wall, the damaged shear tab was
replaced by a new one installed on the other side of the beam web (as shown in

figure 4-46) prior to the Phase Il cyclic test.

A displacement-controlled scheme was selected for this cyclic test. The story drift
histories presented in table 4-3 were applied to the specimen. The following describes the

performance in this test.

During the first 6 loading cycles, the specimen exhibited ductile performance up to the
maximum story drifts of 3.0 and 2.5% at the first and second story respectively. The
existing yield patterns of the boundary frame members became considerably more
pronounced. However no fractures were observed in them. Audible buckling of the infill
panels was observed in all cycles. Increased yielding was noted in the infill panels at both
stories. Fractures at the lower corners of the second-story infill panel grew slightly as
shown in figure 4-47. In addition, vertical plate tear was observed at the upper north
corner of the first-story infill panel as shown in figure 4-48.

At the onset of Cycle 7, a vertical fracture developed at the bottom part of the new shear
tab at the north end of the intermediate HBE as shown in figure 4-49 (i.e. similar to the
one observed in the Phase Il pseudodynamic test). Additionally, horizontal cracks were
observed to initiate from the weld access hole and propagate into the web at the
intersection and beam web and beam flange as shown in figure 4-50. When the specimen
was pushed in the north direction to the story drifts of 2.8% and 2.6% at the first and

second story respectively in this cycle, the above mentioned vertical fracture penetrated
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along the shear tab at the north end of the intermediate HBE. This unexpected failure
resulted in story shear reductions of 76 kN and 83 kN at the first and second story
respectively. A similar fracture developed along the shear tab at the south end of the
intermediate HBE when the specimen was pulled in the south direction (i.e. towards the

reaction wall) in this cycle.

Rupture of the shear tabs triggered fractures of HBE bottom flanges at the ends of the
intermediate HBE. When the specimen reached the maximum story drifts of 3.2% and
3.0% at the first and second story respectively, in Cycle 8, cracks initiated at the ends of
the bottom flange of the intermediate HBE as shown in figure 4-51. However, those

fractures did not propagate further in this cycle.

During Cycle 9, when the specimen was loaded in the north direction to story drifts of
3.7% and 3.5% at the first and second story, respectively, the bottom flange at the north
end of the intermediate HBE fractured as shown in figure 4-52a. However, no fracture
developed in the reduced beam flange regions of the intermediate HBE. Similar fracture
was also observed in the HBE bottom flange at the south end of the intermediate HBE
when the SPSW specimen was loaded in the south direction to story drifts of 3.2% and
3.0% respectively, as shown in figure 4-52b. Excessive deformations due to the ruptures
in HBE flanges worsened the plate tears in the upper north corner of the first-story infill
panel in Cycle 10 as shown in figure 4-53. The lateral load capacity of the specimen first-
story panel declined gradually and in a stable manner during the remaining loading
cycles. However, since the test was conducted using displacement control, testing could

proceed to further investigate behavior, particularly of the undamaged second story.

During Cycles 11 and 12, pinging sounds were heard from the specimen. A further
inspection revealed that fractures developed to a length of 800 mm along the welds
connecting the infill panels and the fish plates along the north VBE as shown in figure 4-
54. In the meanwhile, the plate tears and weld ruptures at the upper north corner of the

first story infill panel gradually propagated to a length of 900 mm as shown in figure 4-55.

By Cycles 13, fractures at the upper north corner of the first-story infill panel propagated
over a length of 2500 mm as shown in figure 4-56. During Cycle 14, the first-story panel
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was almost torn away from the intermediate HBE as shown in figure 4-57. As a result,
the base shear strength of that panel dropped to 2387 kN. Note that up to the peak drifts
of 4.8% and 4.5% at the first and second story respectively, the second story had not
suffered significant loss of strength and no fractures were observed either in the fish
plates connecting to the infill panel to HBEs and VBEs, or in the top HBE itself.

In Cycle 14+, the test concluded at the maximum story drifts of 5.2% and 5.0% at the
first and second story, respectively. Testing stopped when a sudden failure occurred in
the load transfer mechanism. Subsequent inspection revealed that ruptures occurred in the
floor truss members of the top slab. Figure 4-58 illustrates the locations of fractured
members and figure 4-59 shows the typical failures of those members. Note that those
fractures were sudden and were accompanied by a large release of energy transferred
from floor truss to the concrete slab, resulting in a fatal longitudinal crack along the top
concrete slab, as shown in figure 4-60. Figure 4-61a shows the relative displacement of
the west part of the failed concrete slab, where more steel transfer members fractured
relative to the east side. Figures 4-61b and 4-61c, taken after the concrete slab was

chipped , show the rebar fractures and the deformation of the shear studs in the slab.

FIGURE 4-46 Repaired Shear Tab at the North End of Intermediate HBE
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FIGURE 4-47 Panel Tear at the Lower Corners of the Second-Story Infill Panel
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VBE Face

New Shear Tab

FIGURE 4-49 Vertical Fracture Developed at the Bottom Part of the Shear Tab at
the North End of the Intermediate HBE (During Cycle 7)
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Bottom Flange of Intermediate HBE

(a) At the Bottom Edge of the Intermediate HBE Web
Top Flange of Intermediate HBE

1‘.&"
& &

:
e
b

(b) At the Top Edge of the Intermediate HBE Web
FIGURE 4-50 Horizontal Fracture along the Edge of the Intermediate HBE Web
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(b) At the South End of the Intermediate HBE

FIGURE 4-51 Onset of the Bottom Flange Fractures at the Ends
of the Intermediate HBE (During Cycle 8)

99



(b) At the South End of the Intermediate HBE
FIGURE 4-52 Bottom Flange Fractures at the Ends of the Intermediate HBE
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FIGURE 4-53 Plate Tear at the Upper North Corner of the First-Story Infill Panel
(During Cycle 10)

FIGURE 4-54 Failures of the Welds Connecting the First-Story Infill Panel to
the Fish Plate Along the North VBE
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FIGURE 4-55 Plate Tear at the Upper North Corner of the First-Story Infill Panel
(During Cycles 11 and 12)
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FIGURE 4-56 Plate Tear at the Upper North Corner of the First-Story Infill Panel
(During Cycle 13)
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(During Cycle 14)
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FIGURE 4-58 Failed Members in the Top Floor Truss
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(a) Fractures of the Truss Members Connected to the Middle of the Top HBE

(b) Fractures of the Truss Member Connected to the End of the Top HBE
FIGURE 4-59 Typical Failures of the Top Floor Truss Members
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(c) Excessive Rotation of the Connecting Plates
FIGURE 4-59 (Cont'd)Typical Failures of the Top Floor Truss Members

FIGURE 4-60 Crack in the Top Concrete Slab
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(b) Fractured Rebar in the Top Concrete Slab
FIGURE 4-61 Failures in the Top Concrete Slab
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(c) Deformed Shear Stud in the Top Concrete Slab
FIGURE 4-61 (Cont'd) Failures in the Top Concrete Slab

4.4.3 Discussion of the Phase Il Test Results

4.4.3.1 Phase Il Pseudodynamic Test

Generally, the repaired SPSW specimen behaved satisfactorily as expected. The Phase 11
tests provided valuable data to evaluate the seismic performance of a multi-story SPSW
repaired by replacing the infill panels buckled in a prior sever earthquake and subsequent

aftershocks.

As mentioned earlier, the earthquake excitation used in the Phase Il pseudodynamic test
is the same as that used in Test 3 of Phase I. Therefore, comparing the hysteretic curves
obtained from these two tests provides an opportunity to address the replaceability of
infill panels in SPSWs. Such a comparison is illustrated in figure 4-62. As shown, the two
specimens are found to behave similarly under the same strong ground motion. At first
glance, the initial stiffness of the repaired specimen (Phase I1) appears to be higher than
that of the original one. However, this is only because the results shown for the Phase |
specimen are those obtained after the specimen was repaired due to the unexpected
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failures in Tests 1 and 2 of Phase I, as mentioned earlier. Therefore the infill panels had
already experienced some inelastic deformation before these unexpected failures occurred.
As such, it is expected that the infill pate in Test 3 of Phase | would not be dissipating
hysteretic energy up to the maximum drifts ever experienced in Tests 1 and 2, which is

consistent with what is observed in figure 4-62.

Also shown in figure 4-62, in the Phase Il pseudodynamic test, both the first and second
story exhibited stable force-displacement behavior, with some pinching of the hysteretic
loops as the magnitude of story drifts increased, particularly after the development of a
small crack along the bottom of the shear tab at the north end of the intermediate beam at

the story drifts of 2.6% and 2.3% at the first and second story respectively.

Figure 4-63 shows the diagonal elongation of infill panels obtained from the LVDTSs
placed across the infill panels. As shown, the elongation of the infill panel at each story is
uniform along the diagonal direction enriched by the really superposed strain history for
each separate strip, indicating the formation of a well distributed tension fields for the

specimen under the earthquake excitation.
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FIGURE 4-62 Hystereses of Phase | and Phase 11

109




g€ o€

[aued [113u] 8y3 Jo uomreBuol3 feuobelq £9-v IYNOI

suositedwo) uonebuol3 diis (q)

14

(puooas) awiL
0z ST

0T S 0

90-3T LAAT  -mmmmeeeeee
S0-4T LAAT ---------
04T LAAT ---mmemeom
€0-4T LAAT - — - —
20-4T LAAT - —— -
T0-4T LAAT

=

R i i
90-4¢ LAAT
5042 LAAT ---------
042 LAAT =--mememeeees
€0-d¢ LldAN1T - ——-—
2042 LAAT ———- ——
T0-4¢ LAA1

0c0°0-
ST10°0-
0TO'0-
S00°0-
0000
S00°0
0100
STO00
0c0'0
G¢0'0
0¢0°0-
ST10°0-
0T0'0-
S00°0-
0000
5000
0100
ST10°0
0c0'0

G200

(ww/ww) urens

(wwy/ww) urens

sdins Jo 1noke] (e)

L 90-4T
L G0-4T
- v0-dT
L €0-4T
L ¢0-dT

- T0-4T

~90-4¢
-G0-1¢
" v0-4¢
-€0-4¢
-¢0-4¢
~10-4¢

110



4.4.3.2 Phase Il Cyclic Test

The Phase Il cyclic test provided an opportunity to further investigate the ultimate
behavior of the SPSW, in particular of its intermediate HBE, as well as to determine the
final failure modes for this specimen. The hysteretic curves progressively obtained at

various stages throughout the Phase Il cyclic test are shown in figure 4-35.

Comparing the hysteretic curves in figure 4-35 to those from shown in figure 4-33, it is
observed the initial stiffness of the SPSW specimen in the Phase Il cyclic test was smaller
than that in the Phase Il pseudodynamic test. Again, in a way similar to what was
mentioned in Section 4.4.3.1 when comparing the Phase | and Il pseudodynamic tests, the
reason for this observation is that the Phase Il pseudodynamic test stretched the infill
panels up to story drifts of 2.6% and 2.3% at the first and second story, respectively,
resulting in the pinching hysteretic loops in the Phase Il cyclic test up to those story drifts.
Larger drift was required for the infill panels to continue a new to the system stiffness

and strength.

As shown in figure 4-35, strength of the wall gradually decreased as the ruptures
described in Section 4.4.2.2 occurred in the specimen. However, the SPSW exhibited
stable force-displacement behavior and provided a significant energy dissipation capacity,
exhibiting substantial redundancy of this system. Compared to the base shear strength,
the second-story shear strength reduced to a lesser degree before total failure of the load
transfer mechanism since the fractures concentrated in the intermediate HBE and the
first-story infill panel, even as the second-story infill panel could be subjected to larger

drifts by virtue of the displacement-controlled testing procedure.

4.5 Summary

This section describes the observations and testing results of a two-phase experimental
program of a full-scale two-story SPSW specimen with RBS connections, which was

developed to experimentally address the replaceability of infill panels following an
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earthquake as well as the behavior of the repaired SPSW in a subsequent earthquake and
the seismic performance of the intermediate HBE.

The pseudodynamic tests show that a SPSW repaired by replacing the infill panels
buckled in a prior earthquake by new ones can be a viable option to provide adequate
resistance to the lateral loads imparted on this structure during new seismic excitations
(note that possible undesirable aesthetic issues related to residual story drifts from the
first earthquake prior to repair are beyond the scope of this work). The repaired SPSW
behaved quite similarly to the original one. Testing showed that the repaired SPSW can
survive and dissipate a similar amount of energy in the subsequent earthquake without

severe damage to the boundary frame and without overall strength degradation.

Results from the Phase Il cyclic test also allowed to investigate the ultimate displacement
capacity of the SPSW specimen. Though the hysteretic curves were pinched at the low
story drift levels due to the inelastic deformations that the infill panels experienced during
the previous pseudodynamic test, and even though the strength of the SPSW dropped as
the ends of the intermediate beam fractured at drifts in excess of 3% which is expected to
occur during severe earthquakes, the SPSW specimen exhibited stable force-displacement
behavior and provided a significant energy dissipation capacity, exhibiting substantial

system redundancy.

The VBEs and the top and bottom HBEs, as well as top and bottom RBS connections
performed as intended. However, the intermediate HBE failed unexpectedly. The ends of
the intermediate HBE having RBS connections ultimately developed fractures in the
shear tabs followed by fractures at the end of the bottom beam flanges. No fractures
developed in the reduced beam flange region. Further investigation is required to clarify
the local behavior of intermediate HBE in SPSW, to develop a better understanding of
how such intermediate HBE should be designed.
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SECTION 5
ANALYTICAL MODELLING OF TESTED SPECIMEN

5.1 Introduction

This section presents the modeling and analysis conducted to simulate the experimental
specimen performance using the commercially available finite element (FE) software
package ABAQUS/Standard (HKS 2002). For this purpose, a dual strip model and a 3D
FE model were developed for the specimen subjected to pseudodynamic earthquake loads
and cyclic loads, respectively. The following describes the selection of element types,
boundary conditions, material properties, and loading inputs for those two numerical
models. Results are also presented for each model followed by discussions on the

effectiveness of the models.

5.2 Simulation Using Dual Strip Model

Noting that beam-column and truss elements are commonly available in typical software
packages and nonlinear analysis using such elements is universally efficient (particularly
for the structures under iterative loads), it is decided to first model the tested specimen
using those simple elements to investigate the specimen behavior under earthquake loads.
Strip model was employed for this purpose. This section discusses the modeling

assumptions and adequacy of the model.

5.2.1 Model Development
5.2.1.1 General Description of Strip Model

As mentioned in Section 2, a simplified analytical model for analyzing SPSWs, known as
strip model, was originally presented by Thorburn et al. (1983). The strip model assumes
that the lateral load resistance of a SPSW is primarily achieved through the formation of
diagonal tension field actions after the infill panels buckle. Generally speaking, buckling
of the infill panels occurs at relatively low story drifts in SPSWs because the width and

height of the infill panels are much larger than their thickness, and some initial
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imperfection inevitably exists within the panel. Capturing these behaviors, Thorburn et
al. (1983) modeled the tension field in a SPSW as a series of discrete pin-ended strips
inclined with the same orientation as the tension field, as shown in figure 5-1. This
procedure assumes that the compression strength of the panel in the orthogonal direction
is negligible and that the angle of inclination of the tension field can be reasonably
predicted. The strips are assigned an area equal to the plate thickness multiplied by the
width of the strip. Based on this model, the diagonal strips and boundary frames can be
respectively modeled using truss and beam-column elements in conventional analysis

packages, making this approach practical in typical structural design environments.
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FIGURE 5-1 Original Strip Model (From Thorburn et al. 1983)

Monotonic pushover analyses on strip models have been widely conducted and the plastic
strength of SPSWs obtained from those analysis have been validated by the results of the
previous physical tests on single-story as well as multistory SPSW specimens by Timler
and Kulak (1983), Tromposch and Kulak (1987), Driver et al. (1997) and Berman and
Bruneau (2003).
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The pesudodynamic tests described in Section 4 have affords the first opportunity to
evaluate the adequacy of the strip model for modeling SPSWs under a time-history of
seismic response. During seismic events, the infill panels of SPSWs can develop diagonal
tension field actions to resist the lateral forces due to earthquakes. The inclination of
tension field depends on the acting direction of the earthquake forces. When the
earthquake-induced displacements applied on the wall reverse from one direction to the
other direction, the tension field inclination also reorients.

However, the conventional strip model shown in figure 5-1, which is developed for
monotonic pushover analysis to determine the ultimate strength of the wall, can only
capture the tension field in one direction. To account for reorientation of the tension field
in SPSWs under the reversed cyclic loading history from earthquakes, it is proposed to
represent the infill panel of a SPSW as two series of discrete pin-ended strips, as shown
in figure 5-2. Those two sets of strips have the same inclined angle to vertical but act in
opposed directions and can be developed following the procedure described below.

/HBE

"/*/ 2222222222222 2 2222222222222 2227Z2 /‘/'
2222272022272 2227272227222272222274

VBE

: V2 ZZ 7228222222222 2222222222222 2272, :
__/}, p o777 NI 7777777777777 7777777777 /}/_

\ Dual Strips
FIGURE 5-2 Schematic of Dual Strip Model
5.2.1.2 Geometry Definition and Simplification

The graphical user interface program ABAQUS/CAE, was used to define the geometry of
the dual strip model of the tested SPSW specimen. In this package, the boundary frame
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members and infill strips were defined as different "parts” in the preprocessor of the
software package. All those parts were later connected through displacement constraints,
which impose deformation compatibility even when the connected parts do not have

nodes in common.

Line elements were used for both the boundary frame members and infill strips. The
elements for the boundary frame members were located at the centerline of those
members. Fifteen strips were used to represent each infill panel in each direction. The
boundary frame members and strips were meshed with beam-column elements and truss

elements, respectively, properties of which are described in the next section.

Following the manual layout of basic geometry, profile geometry information was
defined in the property module of ABAQUS/CAE. Profiles including the wide flange
cross-sections, are provided in ABAQUS/CAE. Users can provide detailed geometry
information (e.g. width, depth, and plate thickness) to define a cross-section and then
assign the properties of that cross-section (e.g. cross-section area) to the corresponding
structural members. However, limitations exist in using this procedure, namely, (i)
geometries of the cross-section profile assigned to a structural member have to be
constant along that member, which indicates that further steps are necessary for structural
members having gradually variable cross-sections (e.g. reduced flange segments); and (ii)
constant material properties have to be assigned to each cross-section profile, which
means some special assumptions or equivalent procedures must be used for those
composite cross-sections that have various material properties (e.g. elastic-plastic

behavior and young's modulus) in different segments of the cross-sections.

To overcome the first limitation, each HBE was divided into five segments as shown in
figure 5-3 (i.e. the segments with and without reduced beam flanges). Profiles defined for
the non-reduced beam cross-sections were assigned to those segments outside the RBS

regions.
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Profile of RBS Profile of HBE Profile of RBS

Profile of HBE Profile of HBE

FIGURE 5-3 HBE Profile Assignments

For those segments with reduced beam flanges, the arc cutouts of the RBS regions were
simplified as rectangular cutoffs as shown in figure 5-4 in this investigation. The length
and width of the approximate reduced beam flange using rectangular cutoffs were
respectively equal to the length and minimum width of the original reduced beam flange,
recognizing that this is a somewhat more severe reduction than the actual RBS used. Note
that Lee (2006) demonstrated that this simplification provides reasonable predictions for

global responses of the structures.
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FIGURE 5-4 Simplification of RBS Connection (from Lee 2006)

In addition, to consider the contribution of the concrete slabs to the global behavior of the
SPSW specimen, the thicknesses of the top flanges of the intermediate and top HBEs
were increased to provide the same positive plastic cross-section moments as the real
composite beam cross-sections as shown in figure 5-5. Note that the composite action
was incorrectly considered by the above procedure in negative flexure case, for which
tension is resulted in the concrete slab. However, this approximation would have

negligible impacts on simulation of global behavior of the SPSW specimen as
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demonstrated by the results presented later. Also note that this procedure was not
necessary for the bottom HBE since that beam has no concrete slab.

FIGURE 5-5 Simplification of Concrete Slab

For VBEs, the as-built cross-sectional dimensions were used to determine their profile

geometries.

With respect to modeling the infill panels, the main issue was selection of the inclination
angle of the diagonal strips corresponding to the inclination angle of the tension field. A
method of estimating this angle based on the principle of least work was derived by
Thorburn et al. (1983) and later refined by Timler and Kulak (1983). The derivation was
similar to that of Kuhn et al. (1952), which, in turn, was based on the theory of pure

diagonal tension originally developed by Wagner (1931).

According to Timler and Kulak (1983), the angle of inclination, ¢, for SPSWs having
pin-ended beams can be estimated using equation (2-2), which has been adopted by the
AISC Seismic Provisions and the CSA S16 Standard for design of SPSWs. Timler and
Kulak demonstrated that reasonable agreement was obtained between the predicted

values and those measured in the infill panels of their tested specimens.

However, there are considerable added complexities in extending their equation for use in
SPSWs having moment resisting HBE-to-VBE connections. This arises because the story

shear is shared in a complex interaction between the moment resisting boundary frame
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and the diagonal tension field, resulting in difficulties in formulating the internal work.
Rezai (1999) demonstrated that for SPSWs of typical proportions, the angle of inclination
would not be expected to differ from 45 by more than a few degrees and neither the wall
strength nor the infill panel stresses are markedly sensitive to the angle of the tension
field. Thus, for expediency, the tension field angle estimated using equation (2-2) was
adopted in this investigation. Accordingly, each strip was assigned an area equal to the
actual plate thickness multiplied by the width of the strip.

5.2.1.3 Element Selection and Mesh Generation

Truss elements (ABAQUS element T3D2) and beam elements (ABAQUS element B31)

were used to represent the infill panel strips and boundary frame members, respectively.

T3D2 is a two-node truss element. Each node has three translational degrees of freedom

(u,, u,, and u,). B31 is a two-node linear beam element which allows for transverse

shear deformation and can be used for thick (“stout") as well as slender beams. Each node

at the end of the element has six degrees of freedom: three translational (u,, u,, and u,)
and three rotational (6,, 6,, and 6,). ABAQUS assumes that the transverse shear

behavior of B31 is independent of the response of the beam cross-section to bending. B31
can also be subjected to large axial strains, which make it suitable to consider the beam-
column behavior of HBEs and VBEs.

A total of 125 elements were used for each VBE. A total of 70 elements (10 elements for
each reduced beam flange segment, 30 elements for the segment between the RBS
regions, and 10 elements for each segment outside the RBS region) were used to model
each HBE. Infill panels at each story were represented by thirty strips (fifteen strips in

each direction).

5.2.1.4 Material Properties

As mentioned earlier, the profiles defined in ABAQUS/CAE for line elements have to

have uniform material properties across the whole cross-section.
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The coupon test results described in Section 3 indicated that the material properties (e.g.
yield and ultimate strengths) of the webs and flanges are different in the HBE and VBE
cross-sections. However, given that flange strength defines almost entirely the plastic
moment of a wide flange cross-section (compared to the web strength), and thus has more
impact on global strength of the SPSW, the flange material properties were used for the
HBE and VBE cross-sections.

For the infill panels with strips oriented in both directions, to capture the wall behavior
under reversed cyclic responses, the behavior of each strip was modeled similar to that of
a slender brace having a very large slenderness (e.g. in excess of 200) in a concentrically
braced frame, for which the compression strength of the strip is negligible. To account for
this behavior, a tension-only material property, as shown in figure 5-6, was assigned to

the infill panel strips.

‘G

— loading
-——- unloading

o

FIGURE 5-6 Tension-Only Material Property

Note that the nominal strain-stress relationships obtained from the coupon tests were
transformed into the "true™ strain-stress relationship for analysis purpose (as required by
ABAQUS) and the corresponding procedures will be described in detail later. A von
Mises yield surface was adopted as the yield criterion for all members.
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5.2.1.5 Boundary and Initial Conditions and Loading

The VBEs, HBEs, and infill strips were connected using a displacement constraint (i.e.
the ABAQUS constraint: tie) in the interaction module of ABAQUS/CAE.

The boundary frame was fixed at the column bases to replicate the test conditions.
Boundary conditions preventing the out-of-plane displacements were imposed at floor
levels. In the initial loading step, the full gravity load of 1400 kN was applied to the top
of the VBEs. This magnitude is equal to the target gravity load used in the physical test.

To validate the above mentioned model developed to predict the nonlinear behavior of
the SPSW specimen under earthquake load, the floor displacement histories recorded
during the Phase Il pseudodynamic test as shown in figure 5-7 were applied at the floor
levels of the model. Thus, a displacement-controlled approach was essentially used in this
simulation. It is expected to assess the adequacy of the model through comparing the

story shear responses from the physical test with those from simulations.
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FIGURE 5-7 Displacement Inputs
5.2.2 Comparison with Test Results

Analysis using the dual strip model shown in figure 5-8a was carried out to compare the
results with the tested SPSW behavior observed during the Phase Il pseudodynamic test.

Figure 5-9 compares the hysteretic curves obtained analytically and experimentally. As
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shown, the global behavior of the SPSW specimen can be satisfactorily predicted by the
dual strip model although a number of effects were neglected in this model. Note that no
calibration was done in the analysis (i.e. it is a blind prediction). In addition, the
simulation captures an important aspect of SPSW infill panel behavior, namely that after

unloading, the once-yielded infill strips can yield again only upon greater story drifts.).

5.2.3 Effects of Strip Numbers

Another dual strip model representing each infill panel as twenty-five strips in each
direction, as shown in figure 5-8b, was developed to investigate the effects of numbers of
strips on the simulation results, although the abovementioned model using fifteen strips
was found to adequately capture the global experimental response. Figure 5-10 compares
the hysteretic curves obtained from the dual strip models using twenty-five and fifteen
strips. As shown, there is no distinguishable difference between the results from both
models, which confirms that further increasing the number of strips beyond the number
originally considered does not significantly improve the accuracy of the results.

=1 ! =4

"3

(a) Model Using 15 Strips (b) Model Using 25 Strips
FIGURE 5-8 Dual Strip Models
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5.3 Simulation Using 3D Finite Element Model

Although the aforementioned simplified dual strip models provide reasonable predictions
for behavior of the tested specimen, infill panel shear buckling and some other local
plastic behaviors observed in the boundary frame during testing are not best investigated
by the dual strip model. To take into account those effects and further assess the global
behavior of the SPSW specimen, a 3D FE model, which explicitly models each frame
member as built-up cross-sections of plate elements (rather than one-dimensional

idealizations) was further developed as described below.

Vian and Bruneau (2005) demonstrated that although the entire cyclic response of
SPSWs can be replicated using 3D FE models, the monotonic response obtained from a
monotonic pushover analysis using such a model can adequately capture the behavior of
the wall at the peak story drifts of a cyclic test — hence only the monotonic analysis was

conducted here to compare the results of the Phase Il cyclic test.

5.3.1 Description of Model

5.3.1.1 Geometry Definition and Mesh Generation

The graphical user interface program ABAQUS/CAE, was also used to define the
geometry of the 3D FE model. Similar to the dual strip model, "parts” were defined in
terms of net geometry only and were specified the element types to be used in the
analysis. The final model consists of different "parts”, with the interaction between those
parts defined through displacement constraint (i.e. ABAQUS interaction: Tie), which
impose deformation compatibility. Note that the parts connected through the above
constraints may not have nodes in common along their common boundary. ABAQUS
impose the boundary displacement of one part, which is defined as master, to the other
part, which is defined as slave, to ensure the deformation compatibility between the two

pieces.

The connection tab, i.e. "fish plate”, used in the experiments to connect the infill panels to
the surrounding boundary frame, was neglected in this FE modeling. Instead, a direct

connection was assumed to take place between the two structural elements, an
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approximation whose effects on analysis results were found to be negligible (Driver et al.
1997). Note that the other members of the specimen including HBEs, VBEs, concrete
slabs and floor trusses were all considered in the 3D FE model.

The floor truss members were meshed using truss elements (ABAQUS element: T3D2,
which was descried earlier) and the other segments of the FE model were meshed with
quadrilateral shell elements having properties described in the next section. All plate
elements were located at the mid-thickness of the physical elements they represent.
Following the manual layout of basic geometry, the mesh was generated by a module
within ABAQUS/CAE. Different segments of the model (i.e. webs and flanges of frame
members and infill panels) were meshed using the "structured meshing technique” in
ABAQUS/CAE. A total of 30,553 elements were used for the 3D FE model shown in
figure 5-13a. Note that relatively fine meshes were generated over the RBS segments of
HBEs and regions along panel edges.

5.3.1.2 Element Selection (S4R Shells)

The infill panels and boundary frame members were modeled using the four-node S4R
element, a general purpose, doubly-curved shell, with reduced integration. Each node has
six degrees of freedom: three translational (uy uy, u;) and three rotational (&, 6, &,).
Transverse shear deformation is allowed for by the use of thick shell theory as the
thickness increases, or become discrete Kirchhoff thin shell elements, with transverse

shear deformation becoming very small, as the thickness decreases (HKS 2002).

The S4R element accounts for finite member strains and large rotations, and allows for
change in thickness. It is therefore suitable for large-strain analysis involving materials
with a nonzero effective Poisson's ratio, as well as applications in which geometric and
material nonlinearities are anticipated, as cross-sectional properties are calculated by
numerical integration using seven Gaussian integration points through the shell

thickness.

The S4R element also use a reduced integration scheme, with just a single integration
point at the center of the shell. This scheme can provide more accurate results and
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significantly reduce run time compared with fully integrated elements, especially in 3D
problems, if the elements are not distorted. However, under certain loading conditions, a
phenomenon in which singular spurious energy modes are present, known as "hourglass",
may occur. Mesh size refinement and distributing concentrated loads in the model over
multiple nodes are ways of reducing the possibility of this effect. Moreover, an artificial
stiffness is added by ABAQUS to both the membrane and bending terms of the shell
stiffness formulation to counteract this phenomenon. While the user may explicitly define
the values of these terms, the default values are typically sufficient to control "hourglass”.
The accumulation of strain energy dissipated by hourglass control over the history of

SPSW analysis was negligible, as demonstrated by Vian and Bruneau (2005).

5.3.1.3 Boundary Conditions

Fixed boundary conditions were applied to all degrees of freedom of the nodes at the base
of the specimen, to replicate the fully fixed VBE bases. The out-of-plane resistance
provided by the lateral supports at the floor levels of the specimen during the experiments
was modeled by fixing displacements in that direction. To do so, the exterior nodes of the
elements around the perimeter of the concrete slabs were restrained against movement in

the out-of-plane direction.

5.3.1.4 Initial Conditions

The initial shape of each infill panel of the specimen was not recorded, although some
visible deviation from perfect flatness was observed prior to the Phase Il cyclic test.
These imperfections help precipitate the global panel buckling during the test, which is

not detrimental in itself.

A linear eigenvalue buckling analysis was performed to determine the first three buckling
modes of each infill panel prior to the monotonic pushover analysis on the FE model.
Then, the artificial panel deformations (as described later) were introduced based on the
buckling modes and applied as the initial condition of the specimen infill panels using the
imperfection command within ABAQUS/Standard.
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When analyses were conducted without using the above procedure, the panel would
remain flat, incorrectly carrying the load via panel shear until either shear yielding
occurs, or bifurcation shear buckling occurs, then transmitting the load via tension field
actions. This did not agree with experimental observations, where, due to panel
imperfections, shear buckling occurred almost immediately under very low lateral loads,
(and was both audible and visible). Therefore, the introduction of initial imperfections
into the analytical model was deemed appropriate and necessary to capture the observed

experimental behavior.

In addition, the full gravity load of 1400 KN was applied to the top of the VBESs prior to
the monotonic pushover analysis of the FE model. This magnitude is equal to the target

gravity load used in the physical test.

5.3.1.5 Material Properties

ABAQUS/Standard performs calculations for element behavior based on "true" stress

and &', respectively. Therefore, coupon

n !

(Cauchy stress) and logarithmic strain, o,

rue
test data based on the nominal values, as described in Section 3, (i.e. those based on the
original geometry of the coupon for isotropic material), were converted to those measures
for input by the following simple relations (HKS 2002):

Otrie = Onom * (1+ Erom ) (5_1)
L -2

Using pairs of (&, o, ) data points, all steel structural subassemblages were modeled as

being of an isotropic material with a simple elastoplastic constitutive behavior. A von

Mises yield surface was selected as the yield criterion.

The unconfined concrete model was used for the concrete slab on the basis of the
compressive strength measured from cylinder tests. In addition, as mentioned earlier, the
trusses at floor levels were also modeled in this 3D FE model. However, no coupon tests
were conducted to collect the specified material properties of those truss members.
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Considering those members were not expected to provide significantly useful information
with regards to the observed overall specimen behavior, an elasto-perfectly plastic
material property based on their nominal strength (i.e. A572 Gr.50) was assumed in this

investigation.

5.3.1.6 Loading of the FE Model

During the Phase Il cyclic test, a displacement controlled loading scheme was applied to
the specimen through the actuators at floor levels. For the reasons presented in Section 4,
the specimen was loaded to displace per a shape corresponding to the first mode of
response. For determination of the lateral loads to be used in the monotonic pushover
analysis, relationship of the story drift ratio versus the peak drifts of the first story in the
positive loading cycles obtained from the test is illustrated in figure 5-11. As shown, the
story drift ratio remained about 0.84 up to a first-story drift of 3% and became
approximately 0.94 subsequently. To best capture the tested specimen response at the
peak story drifts in the positive loading cycles, it was decided to load the FE model
accordingly, i.e. using a displacement-controlled scheme in proportion to the story drift
ratio of 0.84 until the first story reached a story drift of 3% and a story drift ratio of 0.94

thereafter.
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FIGURE 5-11 Displacement Constraint
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5.3.1.7 Nonlinear Problem Solution

The displacement loading history was applied to the model as a static load, since the
testing was carried out in a slow, quasi-static manner. Therefore, dynamic effects were
not considered in the model. However, the inherent instability of panel shear buckling
creates some challenges to overcome during the problem solution. The S4R shell
elements described above allowed for the use of large deformation (geometric nonlinear)
analysis, with element formulations updated as the model deforms, to the current
deformed configuration, for use in the subsequent increment. The nonlinear material
properties discussed earlier provide additional complexity to the solution. ABAQUS
contains time incrementation and solution stabilization techniques, briefly summarized

below, to overcome these challenges and perform a robust analysis.

ABAQUS/Standard solves nonlinear problems using the Newton method. The nonlinear
solution response curve is calculated by specifying the loading as a function of "time"
(artificial in the case here, as it is a slow, quasi-static loading) and incrementing the time
to obtain nonlinear response (HKS 2002). The approximate equilibrium configuration is
calculated at the end of each time increment, a task that may take several iterations to
converge. ABAQUS uses an automatic incrementation control scheme for efficient

calculation of a solution after the program is supplied with an initial time increment.

Solution difficulties presented by the localized instability discussed above were
minimized by using the "STABILIZE" option within ABAQUS/Standard, which provides
an automatic addition of volume-proportional damping to the model during a nonlinear
static analysis. Since this option is used for a static and not dynamic analysis, an artificial
mass matrix is introduced into the model and an additional damping force term is added
to the model's global equilibrium equations (HKS 2002). Vian and Bruneau (2005)
demonstrated that the default for this option in ABAQUS/CAE provides reasonable
results for analysis of SPSWs with different infill panel layouts and therefore those

default configurations were used in this investigation.
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5.3.2 Results of Analyses

The FE model meshes as well as the physical specimen are shown together in figure
5-14. The first three eigen-buckling models for each infill panel of the specimen are
shown in figure 5-13. An amplitude of 2% of the specified infill panel thickness was
assigned to the infill panel nodal displacements for the first mode to serve as initial
imperfections. To account for the reduced impacts of higher buckling modes on the initial
imperfection of infill panels, 1.6% and 1.28% of the infill panel thickness (i.e. 80% and
64% of that used for the first mode) were introduced as initial imperfections of the second
and third modes, respectively. Those three sets of initial imperfections were

superimposed to produce the initial deformed shape of the model prior to analysis.

Although the initial imperfection imposed in the FE model was smaller than the observed
infill panel deformation of the specimen before the Phase Il cyclic test, comparable infill
panel shear buckling and formation of the diagonal tension fields, as well as SPSW
strengths were observed in the simulation, as shown in figure 5-15. The pushover curves
obtained from the 3D FE model are compared with the hysteretic curves obtained from

the physical testing in figure 5-15.

It is observed that the story shears from the FE analysis are greater than those obtained
from the cyclic test prior to 2.6 and 2.3% story drifts at the first and second story,
respectively. This is principally because the specimen was loaded into the inelastic range
in the prior Phase Il pseudodynamic test, resulting in the partial absence of infill panel
tension fields at low story drift levels. However, the story shears obtained from FE
analysis agree well with those obtained from the Phase Il cyclic test at story drifts
exceeding the maximum story drifts of 2.6 and 2.3% at the first and second story
respectively reached in the Phase Il pseudodynamic test. After story drifts of 3% and
2.5% at the first and second story respectively, the story shears from the cyclic tests are
smaller than those from FE analysis due to the ruptures in the intermediate HBE and
failures of the welds connecting the infill panels to fish plates. Note that fracture behavior
of structural assemblages of the physical specimen was not included in the analytical

model.
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FIGURE 5-12 Buckling Modes of 3D FE Model
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FIGURE 5-13 FE Model and Specimen

(a) Mesh of the 3D FE Model

(b) Tension Field in the Specimen
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FIGURE 5
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5.4 Summary

The FE analysis software package ABAQUS/Standard was used to perform nonlinear
analysis of models of the tested SPSW specimen described in the previous two sections.
Two analytical models, namely, the dual strip model and the 3D FE model, were

respectively considered.

The dual strip model discretely represented the infill panels using tension-only strips and
was analyzed under pseudodynamic loads recorded from the Phase Il pseudodynamic
test. This model was found to accurately predict the global nonlinear behavior of SPSW
under earthquake loads, as demonstrated by comparison with the experimental results of

the Phase Il pseudodynamic test.

The 3D FE model, which explicitly modeled each frame member as built-up cross-
sections of plate elements, was used to perform analysis under monotonic loads. The
overall behavior and ultimate strength of the wall were shown to be equally well
predicted by this model when comparing with the experimental results from the Phase 11
cyclic test, suggesting the modeling assumptions and model development procedure

utilized in this case are appropriate for modeling other SPSW problems.
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SECTION 6

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
FOR FUTURE RESEARCH

6.1 Summary and Conclusions

In this report, a full scale two-story SPSW specimen with RBS connections and
composite floors was designed and tested, to experimentally address the replaceability of
infill panels following an earthquake, the behavior of the repaired SPSW in a subsequent
earthquake, and the seismic performance of the intermediate HBE.

The specimen was first pseudodynamically tested, subjected to three ground motions of
progressively decreasing intensity. The buckled panels were then replaced by new panels
prior to re-testing the specimen for the same pseudodynamic loads. The repaired SPSW
specimen behaved satisfactorily in that second earthquake quite similarly to the original
one. Subsequent cyclic test of the SPSW specimen investigated the ultimate behavior of
the intermediate HBE and the cyclic behavior and ultimate capacity of the SPSW.
Although hysteretic curves were pinched at low story drift levels (due to the inelastic
deformations that the infill panels experienced during the pseudodynamic tests), the
SPSW structure exhibited stable force-displacement behavior and provided a significant
energy dissipation capacity, exhibiting substantial redundancy. However, the ends of the
intermediate HBE having RBS connections ultimately developed fractures in the shear
tabs followed by fractures at the end of the bottom beam flanges. No fractures developed
in the reduced beam flange region. This revealed that HBE yielding/failure behavior was
different from that of beams in a conventional moment frame due to the presence of

internal forces.

The testing showed that, in SPSWs, replacing the infill panels buckled in a prior
earthquake by new ones can be a viable option to provide adequate resistance to future
seismic excitations. It also showed that the repaired SPSW can survive and dissipate a
similar amount of energy in the subsequent earthquake without severe damage to the

boundary frame and without overall strength degradation.
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The FE analysis software package ABAQUS/Standard was used to perform nonlinear
analysis of models of the tested SPSW to replicate the observed behavior of the
specimen. A dual strip model used to discretely represent the infill panels using tension-
only strips, and to analyze the global behavior of the SPSW under pseudodynamic loads,
was found accurate to predict the nonlinear behavior of the SPSW under earthquake loads.
A 3D FE model used to rigorously model all parts of the tested specimen and analyze its
behavior under monotonic (pushover) loads captured well the ultimate strength of the
SPSW when comparing with the experimental results and allowed to investigate local

behavior of boundary frame members in the future.

6.2 Recommendations for Future Research

The testing conducted has shown that the pattern of yielding in the RBS details of SPSW
is different from that in the RBS connections of conventional steel moment frame. It
would be important to investigate the reasons for these difference in observed yielding
behavior and to develop an improved capacity design procedure for HBEs to better
ensure the ductile performance of SPSWs.
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