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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellence in advanced technology applications that is dedicated to the reduction
of earthquake losses nationwide. Headquartered at the University at Buffalo, State Univer-
sity 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 Center
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
invariousinstitutions across the country. These are complemented by, and integrated with,
other MCEER activities in education, outreach, technology transfer, and industry partner-
ships.

This report presents the results of finite element analytical studies, using monotonic pushover
analysis, to investigate the behavior of unstiffened thin steel plate shear walls (SPSW) with openings
on the infill plate. Two infill plate options, the perforated and the cutout corner SPSW, are
investigated. First, a series of individual perforated strips were analyzed to develop a fundamental
understanding of the behavior of a complete perforated SPSW. After generating a large number of
data points and using fine mesh models, "smooth” curves of total uniform strip elongation versus
perforation ratio were obtained. Finite element models of complete perforated SPSW were developed
to verify the individual strip model results and to evaluate the effects of different infill thicknesses,
perforation diameters, and material idealizations. Two finite element models of cutout corner SPSW
were then developed to study the effect of a relatively thick fish plate installed perpendicularly to the
flat-plate reinforcement. The effects were examined in terms of global effects, such as frame
deformation and shear strength of the systems, as well as local effects adjacent to the cutout corners,
such as local buckling, stress distribution, and forces applied by the cutout edge reinforcement to the
beam and columns. Recommendations and considerations are proposed to help design perforated and
cutout corner SPSW. This research extends work reported in ”Steel Plate Shear Walls for Seismic
Design and Retrofit of Building Structures” by D. Vian and M. Bruneau, MCEER-05-0010. All
analyses were performed using the finite element software ABAQUS/Standard.
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ABSTRACT

An analytical study using the finite element program ABAQUS/Standard was performed to
investigate the behavior of unstiffened thin steel plate shear walls (SPSW) having openings on
the infill plate under monotonic pushover displacement. To accommodate the passage of utilities,
two designs proposed by Vian (2005), namely the perforated infill plate and the cutout corner

SPSW, are revisited to investigate and resolve some concerns reported by Vian (2005).

As a sub-element that drives the behavior of the perforated infill plate of the type considered by
Vian (2005), a series of individual perforated strips 2000 mm by 400 mm with 4 perforations
along the strip length and perforation diameters D from 10 mm to 300 mm are first analyzed to
develop a fundamental understanding of the behavior of complete perforated SPSW. After
generating a large number of data points and using fine mesh models (maximum mesh size of

5 x 5 mm), “smooth” curves of total uniform strip elongation versus perforation ratio are obtained,
improving those previously developed by Vian (2005). A series of 4000 mm by 2000 mm
one-story perforated SPSW are then considered, with variation in perforation diameter, infill
plate thickness, material properties idealization, and element definition. It is found that the results
from the individual perforated strip analysis can accurately predict the behavior of complete
perforated SPSW provided the holes diameter is less than 60% of the strip width (D/Sjiag < 0.6).

It is found that no interaction exists between adjacent strips that could affect the stress distribution
within an individual strip, 1.e., each strip in a SPSW behaves as an independent strip. Shear
strength of the infill plate in a perforated SPSW having multiple circular perforations regularly
spaced throughout the infill plate can be calculated by reducing the panel shear strength in a solid

panel SPSW by a factor (1 -a- D/ Stiag ), where o is a proposed correction factor equal to 0.70.

Two cutout corner SPSW models, having flat-plate and T-section reinforcement along the cutout
edges, are investigated. The global behaviors of the two models considered are not significantly
different. Some local effects however are observed adjacent to the cutout corner. The flat-plate
(with a minimum fish plate) is considered adequate to reinforce the cutout edges. The “corner-
brace” action on the boundary frame could induce high tension/compression forces from the
cutout edges reinforcement to the beams and columns, and these may require web stiffeners to

prevent web crippling, web buckling, and flange bending in the boundary frame.
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SECTION 1
INTRODUCTION

1.1 General

Steel plate shear walls (SPSW) have been widely used as a lateral resisting force system since
first developed in early 1970s. According to Thorburn et al. (1983), the Nippon Steel Building in
Tokyo, Japan was the first building designed using this structural system to resist lateral loads.
This 20-story office building was completed in 1970. Since then the applications of SPSW as part
of the structural lateral resisting system covered a wide variety of structure, ranging from low-rise
hospital to high-rise residential building, from building in low seismicity zones (high wind loads)
to high seismicity zones, and from new building projects to seismic retrofit project. A brief
summary of these applications can be found in the original work of Thorburn et al. (1983) and

Astaneh-Asl (2001) for buildings constructed in Japan and in United States.

The design philosophy of SPSW prior to the 1980s prevented shear buckling of the infill plate by
providing thick plate and adding heavily stiffeners on the wall to ensure shear yielding occurred.
After Thorburn et al. (1983), the design philosophy shifted to the use of unstiffened thin plates
and considered the post-buckling strength of the infill plate in calculating the capacity of SPSW.
This design philosophy has been widely adopted by many researchers since then (e.g.,
Tromposch and Kulak 1987; Caccese et al. 1993; Driver et al. 1997; Behbahanifard et al. 2003;
Berman and Bruneau 2003 and 2005; Shishkin 2005; etc.). These researchers considered several
modeling procedures to analyze SPSW, namely the strip model, the equivalent truss model, finite
element analysis, plastic analysis, and the modified strip model. The researchers also reported a

good correlation between analytical models and experimental results.

The advantage of SPSW systems is in the significant increase of stiffness and strength provided
to buildings compared to other lateral force resisting systems. Steel plate shear walls are also

lighter and more ductile than reinforced concrete shear walls, applicable for new design or retrofit



project, and relatively easy to install (Astaneh-Asl 2001). In addition, SPSW are more

economically attractive compared to reinforced concrete shear walls (Timler et al. 1998).

In some SPSW applications, the available steel for infill plate material might be thicker or
stronger than required by design. This will induce relatively large forces to the surrounding
frames and consequently will increase the sizes of horizontal and vertical members. Several
solutions to alleviate this concern were recently proposed by changing properties of the infill
plate via using light-gauge cold-rolled and Low Yield Strength (LYS) steel (Berman and Bruneau
2003a, 2005; Vian 2005), introducing vertical slits (Hitaka and Matsui 2003), or introducing
multiple regularly spaced perforations (Vian 2005).

The perforated SPSW recommended by Vian (2005) is unique as the need of utility systems to
pass-through the infill plate can be accommodated. Vian (2005) also proposed cutout corner
SPSW, another option to accommodate passage of utilities through the infill plate without
significant reduction in the strength and stiffness of the system. These new types of design

improve the applicability of SPSW systems over a wider range of structures.

1.2 Statement of the Problem

Vian (2005) conducted analytical and experimental work on three SPSW specimens: solid,
perforated, and cutout corner SPSW; these are briefly discussed in following section. LY'S steel
was used for all infill plate specimens. The analytical model of perforated SPSW was used to
consider several perforation diameters using steel material typically specified in North American
construction projects, and the results were compared to those obtained from the simpler
perforated strip models. From these analyses, the elongation predicted by finite element model of
an individual perforated strip and full SPSW, for a monitored maximum strain assumed to
develop close to the perforation edges, was significantly different. This significant difference
could not be explained at that time. Some jaggedness in the curves of total strip elongation versus
perforation ratio calculated using the individual perforated strip model were also observed. For
the cutout corner SPSW, the thick fish plate added to the “arching” flat-plate reinforcement along

the cutout edges (to allow connection of the infill plate to the boundary frame) might modify



behavior of the SPSW from that predicted by the idealized model. How the fish plate on the flat-
plate reinforcement affect the global and local behavior of SPSW remains to be determined.
Therefore, further research is needed to investigate these concerns and to propose technical

solutions as appropriate.

1.3 Scope and Objectives

This research is limited to the investigation of the behavior of unstiffened thin SPSW with
openings on the infill plate under monotonic pushover displacement. All analyses are performed
using the finite element software ABAQUS/Standard. The two infill plate opening options
recommended by Vian (2005), namely the perforated and the cutout corner SPSW, are revisited

to investigate and resolve the above concerns.

Finite element models of individual perforated strip are developed in this research. This study is
intended to provide an understanding of the behavior of individual perforated strips as a
fundamental building block in understanding the behavior of complete perforated SPSW. Mesh
refinement are performed and various meshing algorithm are considered to investigate their
influence on the stress-strain distribution throughout the strip sections. A relatively large number
of data points are considered to obtain smooth curves of total strip elongation versus perforation
ratio. Several variations of the finite element model are developed to evaluate the effects of

different boundary conditions and material idealizations.

Finite element models of complete perforated SPSW are developed to verify the appropriateness
and accuracy of the individual strip model results and to investigate why prior results from panel
analysis did not support the predictions from individual strip model analysis. Several variations
of the complete perforated SPSW model are developed to evaluate the effects of different infill
thicknesses, perforation diameters, and material idealizations. The equation proposed by previous
researchers to approximate the strength of a perforated panel is re-assessed to verify its

applicability for multiple perforation panels.



Two finite element models of cutout corner SPSW are developed to study the effect of a
relatively thick fish plate installed perpendicularly to the flat-plate reinforcement. The effects are
examined in terms of global effects, such as frame deformation and shear strength of the systems,
as well as in terms of local effects adjacent to the cutout corners, such as local buckling, stress
distribution, and forces applied by the cutout edge reinforcement to the beam and columns. From
these analytical studies, some additional recommendations and considerations are proposed to
help design perforated and cutout corner SPSW as an improvement to the recommendations

previously reported by Vian (2005).

1.4 Outline of Report

Section 2 presents a brief review of previous research in SPSW, emphasizing modeling studies of
this structural system. Research developing the Strip Model to represent the behavior of
unstiffened thin steel plate shear walls is presented first, followed by research that used of finite
element models to design test specimens and to verify experimental results. Research on

perforated SPSW is also discussed.

Work reported in Section 3 describes the investigation on the behavior of individual perforated
strips as sub-elements of perforated SPSW using the finite element software ABAQUS/Standard.
The finite element modeling process, as well as work to evaluate the accuracy and convergence
of the results, is first presented. The resulting finite element model is then modified to consider

various perforation diameters, boundary conditions, and material idealizations.

Section 4 describes the finite element analysis of full SPSW, using more advanced and complete
models to verify the appropriateness and accuracy of the individual strip model results in
Section 3. Specific finite element options in ABAQUS/Standard used to capture the real panel
behaviors are first described. Three different finite element models are then investigated. Models
including variation in perforation diameter, infill plate thickness, and material idealization are
considered, and significance of the corresponding results are assessed. The applicability of the

equation proposed by previous researchers to approximate the strength of a perforated panel is re-



assessed. Some design recommendations and consideration are proposed to help design

perforated SPSW.

Section 5 describes additional observations on cutout corner SPSW. Two types of cutout corner
SPSW are developed and investigated. Comparison on the two models analyzed is presented in
terms of global effects as well as in terms of local effects adjacent to the cutout corners. Some
design considerations are proposed to help design cutout corner SPSW. Finally, summary,

conclusions, and recommendations for future research are presented in Section 6.






SECTION 2

PREVIOUS RESEARCH ON STEEL PLATE SHEAR WALLS

2.1 General

Numerous experimental and analytical studies have been conducted since the early 1970s to
investigate the behavior of SPSW and to properly design SPSW as a lateral load resisting system.
This section summarizes some of this previous research on unstiffened thin SPSW. Emphasis is
placed on analytical work while some relevant experimental investigations are also reviewed.
Research on the development of the Strip Model to represent the behavior of unstiffened thin
steel plate shear walls is presented first, followed by research on using finite element models both
to design test specimens and to verify experimental results. Finally, research on perforated SPSW
is presented. The latter type of SPSW has gained attention in recent years from researchers

(e.g., Roberts and Sabouri-Ghomi 1992 and Vian 2005) as demands for utility access through the

infill plate has been expressed.

2.2 Thorburn, Kulak, and Montgomery (1983)

The first study on unstiffened thin SPSW was performed by Thorburn et al. (1983). The
researchers introduced two analytical models to represent the behavior of unstiffened thin SPSW,
namely the Strip Model and the Equivalent Truss Model. Those models considered the
postbuckling strength of SPSW, adopting the original work on plate girder webs subjected to
shear studied earlier by Basler (1961) and the theory of diagonal tension field action by Wagner
(1931), given that the wall infill plate was allowed to buckle in shear and form a diagonal tension

field to resist the applied lateral loads.

In the Strip Model, the infill plate was replaced by a series of tension strips (equal width), pin-
ended, inclined in the direction of the tension field. Figure 2-1 illustrates the strip model used to

represent any typical story and the inclination angle of the tension field o was:
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where L is the frame bay width, H is the frame story height, ¢, is the panel thickness, and 4, and

A, are gross cross-sectional areas of the story beam and column, respectively.
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FIGURE 2-1 Schematic of SPSW Strip Model (Thorburn et al. 1983)

The researchers conducted analytical studies to determine the number of strips per panel that
would adequately represent the infill plate behavior, and concluded that 10 strips per panel would

be sufficient to represent the infill plate behavior for all shear walls investigated.



The Equivalent Truss Model is a simplification of the strip model by changing multiple strips into
an equivalent single diagonal truss element having the same story stiffness. This model is
practical to rapidly determine the story stiffness but does not provide information needed for the
design of the boundary frame. A more complete review of this method can be found in the

original work by Thorburn et al. (1983).

The researchers also conducted parametric studies to assess the influence of infill plate thickness,
panel height, panel width, and column stiffness on the strength and stiffness of the infill plate.
The parametric studies showed that the four parameters are inter-related and influence the

effectiveness of the resulting tension zone.

2.3 Timler and Kulak (1983)

Timler and Kulak (1983) tested a single story, full scale, thin SPSW specimen to verify the
analytical work of Thorburn (1983). The test specimen, shown in figure 2-2, consisted of two
SPSW panels of 3750 mm bay wide by 2500 mm story high and 5 mm thick and vertically
oriented beams W460X144 (W18X97) and horizontally oriented columns W310X129 (W12X87)
connected by pinned joints at the four extreme corners and continuous joints at the middle
intersections. A 6 mm thick “fish plate” was used to connect a 5 mm thick infill plate to the
boundary frame. The specimen was loaded by quasi-static cyclic loading (cycled three times)
until it reached the maximum permissible serviceability drift limit 4,/400, or 6.25 mm, followed

by monotonic loading to failure.

The test specimen was also analyzed using the strip model technique and good correlation
between predicted and measured member strains and deflections were reported. Based on this

work, Timler and Kulak (1983) revised (2-1) to include the effects of column flexibility as:
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where /. is the moment inertia of boundary column, and the remaining terms have been defined

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

In another report, Tromposch and Kulak (1987) tested a large scale SPSW somewhat similar to
that tested by Timler and Kulak (1983). The researchers also used the strip model to predict the
test results, and reported that the strip model was adequate in predicting the capacity of the wall

and in predicting the envelope of cyclic response.
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2.4 Driver, Kulak, Kennedy, and Elwi (1997, 1998a, and 1998b)

Driver et al. (1997, 1998a) conducted quasi-static cyclic testing on a large scale, four-story,
single bay SPSW specimen with unstiffened panels, and moment-resisting beam-to-column
connections. The test specimen is shown in figure 2-3, with a first story height of 1.93 m and

a typical story of 1.83 m high for the remaining stories, and a bay width of 3.05 m. A relatively
deep and stiff beam W530X118 (W21X55) was used at the roof level to anchor the tension field
forces that would develop, while a smaller beam W310X60 (W12X40) was used for the
intermediate beams. The entire four stories used W310X118 (W12X79) columns. For the infill
plate, 4.8 mm and 3.4 mm plates were used for the first two stories and the next two stories,
respectively. A continuous “fish plate” of 100 mm by 6 mm was added to connect the infill plates

to the boundary members.
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FIGURE 2-3 Schematic of Test Specimen — North Elevation (Driver ef al. 1998a)
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Driver et al. (1997, 1998b) also investigated the behavior of the test specimen using the finite
element software ABAQUS (1994 edition). The eight-node quadratic shell element (S8RS5) was
used to model the infill plates with a 6 X 9 element mesh for the lowest panel (Panel 1), a4 x 9
elements mesh for the uppermost panel (Panel 4), and a 5 X 9 elements mesh for the remaining
two panels (Panel 2 and 3). The three-node quadratic beam element (B32) was used to model the
beams and columns with 13 integration points (five in each flange and web, two common
locations at the intersections) throughout the I-shaped cross section. The column element nodes
were located eccentric to the centroid of the cross-section such that each node directly connected
to adjacent node in the infill plate. Rigid outrigger elements were used at the tops of the columns
to apply the concentric vertical loads. The beam element nodes were located at the center of the
cross section, and to ensure deformation compatibility between the beams and infill plates, rigid
outrigger elements by a distance equal to one-half of the beam depth were assigned at each node.
The “fish plate”, used in the test specimen to connect the infill plate to the surrounding frame,
was not considered in the finite element model. Instead, the infill plates were connected directly
to the beams and columns. The effects of this assumption to the overall behavior of steel plate
shear walls were found to be small. Horizontal loads and constant vertical loads were applied to
the model to replicate the test specimen load history. An elasto-perfectly plastic bilinear
constitutive stress-strain relationship was applied to represent the type of steel used, with
E;=200.000 MPa and F, = 300 MPa. Initial imperfections of 10 mm based on the first buckling
mode of the plate and residual stresses were also incorporated in the finite element model. The
finite element model was restrained against out-of-plane movement at six nodes at the center of
beam-to-column joints and fixed boundary conditions were applied to all the nodes along the
lower edge of the model. The deformed shape of the SPSW model when loaded to a base shear of
approximately 2200 kN is shown in figure 2-4.

Figure 2-5 compares the story shear versus interstory displacement of the experimental and the
monotonic finite element model results for Panel 1. A good agreement between the two was
observed up to a story shear of about 400 kN (one-eight of the maximum value attained).
However, at higher levels, some discrepancy was observed due to the geometric nonlinearity
effects, which were not taken into account in the finite element model, and the cyclic loading

applied to the tested specimen that soften the structure. The finite element model overestimated
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FIGURE 2-4 Finite Element Model of Test Specimen — Deformation Scale Factor =5
(Driver et al. 1998b)

the stiffness of the specimen. In addition, the researchers also extended the monotonic finite
element analysis by including geometric nonlinearity into the model, however, convergence of
result was hard to achieve at higher levels and the finite element model accurately predicted the
experimental response only at the lower levels. Base on these accurate results, it was
recommended that geometric non-linearity be included, whenever feasible, in the finite element

models of SPSW.

The researchers also performed cyclic analysis using the finite element model. Even though has
recommended to include geometric non-linearity in the model, to avoid instability as previously
stated, geometric non-linearity was not modeled in this instance. Figure 2-6 compares the

hysteresis curves of experimental and cyclic finite element model results for Panel 1. Pinching on
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FIGURE 2-5 Comparison of Experimental and Monotonic Finite Element Model Results

for Panel 1 (Driver et al. 1998b)
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FIGURE 2-6 Comparison of Experimental and Finite Element Hysteresis Results
for Panel 1 (Driver et al. 1997)
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the experimental hysteresis curve is not duplicated by the finite element hysteresis curve. This is

likely because the second order effects have been neglected in the finite element model.

Modeling the SPSW using the strip model was also investigated by the researchers, adopting the
method presented earlier by Thorburn ef al. (1983). The plane-frame strip model of the tested
specimen is plotted in figure 2-7 where each infill plate is modeled using 10 strips at the
calculated tension field inclination angle & . S-FRAME, a commercial three-dimension structural
analysis program, was used to perform the analysis. The researchers reported that a tension field
inclination angle of 45° generally can be used in the strip model. The strip model captured well

the envelope of the cyclic test curves results as shown in figure 2-8, but it underestimated the

+
7/
A

e

initial stiffness of the specimen.

j¢——Column

FIGURE 2-7 Plane-Frame Strip Model of Test Specimen (Driver et al. 1998b)
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FIGURE 2-8 Comparison of Strip Model Analysis with Experimental Results
for Panel 1 (Driver et al. 1998b)

2.5 Behbahanifard, Grondin, and Elwi (2003)

Behbahanifard et al. (2003) investigated a large-scale three-story unstiffened SPSW specimen
both experimentally and analytically. A specimen was tested under lateral quasi-static cyclic
loading in the presence of gravity loads. The test specimen was flame cut from the four-story
SPSW tested by Driver et al. (1997) plotted in figure 2-3, and only the upper three stories were
taken. A nonlinear finite element model was developed to accurately simulate the monotonic and

cyclic behaviors of the test specimen.

Several changes were made to the finite element model previously developed by Driver et al.
(1997). The four-node shell element with reduced integration (S4R element in ABAQUS 2001)
was used to model all the components of the SPSW specimen, including the beams and the
columns. Residual stresses and plastic deformations from the previous test were not considered in

the finite element model due to their complexity. Based on Driver et al. (1997) recommendations,
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both material and geometric nonlinearity were considered in the analysis. The modified
Kinematic Hardening material definition was used to define the inelastic (hardening) behavior of
the type of steel used, with £, = 200.000 MPa and F, = 200 MPa. Out-of-plane movement was
restrained at several nodes as shown in figure 2-9 while all the nodes along the lower edge of the
model remained fixed to simulate attachment of the test specimen to the rigid base plate. Initial
imperfections of 10 mm based on the first buckling mode of the plate were again used. The initial

imperfections shape used in the finite element model is plotted in figure 2-10.
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FIGURE 2-9 Boundary Conditions for the Finite Element Model (Behbahanifard ez al.
2003)

The researchers reported that ABAQUS/Explicit (originally developed to analyze high-speed
dynamic events) can be used for quasi-static problems that include complex post-buckling
behavior, highly nonlinearities, and material degradation and failure. They also reported that
convergence (a serious problem as a result of local buckling in the infill plate due to tension field

development) in the finite element model was easier and quicker to achieve in ABAQUS/Explicit
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FIGURE 2-10 Imperfection Shape in Finite Element Model — Deformation Scale Factor =5
(Behbahanifard et al. 2003)

(using the central difference method, no iteration involved), compared to the severe convergence
difficulties experienced in ABAQUS/Standard (using Newton-Raphson iterative method). To

obtain convergence, load increments of less than 10~ were applied to the finite element model.

The finite element model described above was validated using the experimental results for both
the monotonic (pushover) and cyclic loadings. The finite element model matched the elastic
stiffness of shear wall in all stories. However after significant yielding, the finite element model
underestimated the strength of the SPSW by 12% for the lowest panel (Panel 1) shown in

figure 2-11. This discrepancy was attributed to previous plastic deformations not accounted for
the finite element model. A good agreement between the experimental and the finite element
hysteresis results was observed. Figure 2-12 shows, for the Panel 1, that the pinching of the
hysteresis curves was captured reasonably well by the finite element model, and a slight stiffness
difference was observed after cycle 21 because tears and cracks that developed in the specimen

occurred and were not included in the finite element model.
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FIGURE 2-11 Monotonic Finite Element Analysis of the Three-Story Model Compared to
the Envelope of Cyclic Test Results — Panel 1 (Behbahanifard et al. 2003)
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Hysteresis Curves — Panel 1 (Behbahanifard et al. 2003)
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The researchers extended the three-story finite element model (FEM) to a four-story finite
element model to validate the results reported by Driver ef al. (1997). This was also done because
of the discrepancy previously observed in the three-story model as a result of excluding the
history of plastic deformation in the model. In terms of elastic stiffness, figure 2-13 shows
agreement between the experimental and the finite element results while the finite element model
underestimated the capacity of the SPSW by 7.8% on average. Figure 2-14 shows a good
agreement between the experimental and finite element model hysteresis curves. Note that the
researchers only compared the test results for the part of the test for which the specimen was

loaded symmetrically in both directions.

The researchers also evaluated strain data of both experimental and finite element results. The
strain data were measured in the flanges and webs of the boundary members. Finally, the
researchers performed a parametric study to assess factors that affect the behavior of a SPSW
system. A single story SPSW with rigid floor beams subjected to shear force and constant gravity
load was used to examine the effect of infill plate dimensions, relative plate and column stiftness,
drift magnitude, gravity and shear loads, plate and column yield strain, imperfection ratio, and
local buckling. A more complete result of strain data evaluation and parametric study can be

found in Behbahanifard et al. (2003).

2.6 Roberts and Sabouri-Ghomi (1992)

Roberts and Sabouri-Ghomi (1992) performed tests to investigate the hysteresis characteristics of
unstiffened steel plate shear panels with centrally placed circular openings. Quasi-static cyclic
loading tests were conducted on sixteen specimens with panel dimensions (width b and depth d)
of either 300 X 300 mm or 450 X 300 mm, panel thickness /4 of either 0.83 mm or 1.23 mm, 0.2%
offset yield stress value oy of either 152 MPa or 219 MPa, and diameter of the central circular
openings D of 0, 60, 105, or 150 mm. The edges of the plates were clamped by two rows of

8 mm diameter high-tensile bolts between pairs of rigid pin-ended frame members. Two
diagonally opposite pinned corners of the panel were connected to the hydraulic grips where the
load was applied. The schematic of test specimen is shown in figure 2-15. Results were correlated

with results presented in Roberts and Sabouri-Ghomi (1991) for a similar specimen but with solid

20



2800 F
E.
=< 2100 |
%
=
?%) 1400 Fmite element model
= |y Test (4spsw)

700
0 1 | 1 | 1 | 1 | 1 1
0 10 20 30 40 50

Fust storey drift (mm)
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panel. The ratio of ultimate strength and stiffness of perforated and solid panels is plotted in
figure 2-16 where the ultimate strength and stiffness of panels decrease as size of perforation
increase. The researchers recommended that the ultimate strength and stiffness of a perforated

panel can be conservatively approximated by applying a linear reduction factor of

Vsp.pes _ K ey — 1_2 (2-3)
V K

yp panel d

to the strength and stiffness of a similar solid panel.
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FIGURE 2-16 Variation of Strength and Stiffness of Shear Panels with Size of Opening
(Roberts and Sabouri-Ghomi 1992)

The researchers also observed a reasonable agreement between experimental and theoretical
hysteresis of perforated panel. The theoretical hysteresis behavior of the perforated panel was
obtained by scaling the hysteresis obtained for a solid panel value using (2-3). This was
considered to give a conservative assessment due to the neglect of strain hardening in the model

and the simply supported boundary conditions.

2.7 Vian (2005)

Vian (2005) conducted quasi-static cyclic tests on three SPSW specimens. The first specimen
consists of a single-bay, single-story frame, having rigid beam-to-column connection with
reduced beam section (RBS) on the beams, and a solid infill plate of LYS steel. The other two
specimens have the same boundary frame properties as the first specimen, and either multiple
regularly spaced holes (perforations) in the infill plate or reinforced quarter-circle cutouts in the
upper corners of the infill plate. The last two specimens were intended to accommodate the need
for utility systems to pass-through the infill plate. The solid infill plate specimen was intended to
be a “reference” specimen for the other two specimens. The solid panel, perforated, and cutout
corner-reinforced specimens were designated as S, P, and CR specimens, respectively. The final

designs of the three specimens are plotted in figures 2-17 to 2-19.

Figure 2-17 shows the final design of the solid panel specimen. The frame’s centerline

dimensions were 4000 mm wide by 2000 mm high. The specimen approximately is one-half size
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frame bay of the Multidisciplinary Center for Earthquake Engineering Research (MCEER)
demonstration hospital project (Yang and Whittaker 2002). W18X65 and W18X71 made from
ASTM AS572 Gr. 50 (F, = 345MPa) steel were used for beams and columns, respectively. RBS
connections in the beams and hinges located 850 mm below the intersection point of the column
and lower beam working lines were implemented. LYS with yield stress and ultimate stresses of
165 MPa and 305 MPa, respectively, was used for the infill plate of 2.6 mm thick. Figure 2-18
shows the final design of the perforated specimen. The 2.6 mm thick infill plate consisted of
staggered holes arranged at a 45° angle with 300 mm center-to-center spacing along both the
vertical and horizontal directions to provide panel strip width Sy, equal to 424.26 mm

(D/Sadiag = 0.471). The number of 200 mm perforations along the diagonal strip N, equal to 4.
Figure 2-19 shows the final design of the cutout corner specimen. Quarter-circle cutouts of

500 mm radius at the upper corners of the infill plate and flat-plate reinforcement along the
cutout edges of 160 mm by 19 mm were applied. In all cases, a “fish plate” of 6 mm thick was
added to facilitate attachment of the infill plate to the surrounding frame. The FEM models of the

three specimens are plotted in figure 2-20(a), (b), and (c) for the same respective specimens.

In addition, another solid infill plate specimen was built and tested prior to the fabrication of the
previous three specimens, to investigate the fabricator’s workmanship in assembling the LY'S
infill plate panel from three separated pieces using seam welds. Vian (2005) observed that
substantial deficiencies in fabrication and “inadequate” overall quality of workmanship occurred.
Therefore, for the subsequent specimens these problems were corrected. The two solid panels, the
latter “benchmark’ and the previous “reference” specimens, were designated as S1 and S2,

respectively.

Experimental and analytical hysteresis of specimen S2, P, and CR are shown in figure 2-21(a),
(b), and (c), respectively. The monotonic pushover curves are also shown in the figures.
Specimen S2 and P were tested to a maximum interstory drift of 3% while specimen CR was
tested to a maximum interstory drift of 4%. Excellent agreement between the experimental and
cyclic analytical hysteresis of specimen S2 was observed until the final cycle. Although the
analytical model of specimens P and CR somewhat underestimated the experimental strength,

good agreement in overall behavior between the experimental and cyclic analytical results was
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FIGURE 2-20 Finite Element Model with 1°*' Panel Buckling Mode (Vian 2005)
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observed. Loading assembly rotation, subsequent column twisting, distortion of the top beam and
lateral support frames, RBS connections fractures (on the CR specimen) account for the
discrepancy between experimental and analytical results at large drifts as the FEM model was not

developed to consider such distortions and material failure.

The analytical model of the perforated SPSW was further extended to consider holes with 100,
150, 200 mm diameter in infill plates of ASTM A36 (£, = 248 MPa) and A572 Gr. 50
(F,=345MPa) steels which are commonly specified in North American construction projects.
The results were compared to the results for individual perforated strips having perforation
diameters varying between 0 (no hole) to 200 mm. The resulting total uniform strip elongation &,
and normalized strip elongation &,,/(Nr-D/L) versus perforation ratio D/Sy;q, are plotted in
figures 2.22 and 2.23, respectively, for both material grades used. &4, is the maximum principal
local strain shown in the figures. The rational for the normalization procedure is described in
Vian (2005). Vian (2005) reported that the jaggedness in the curves shown in figure 2-22 might
be an artifact of the coarseness of the chosen mesh and recommended further research to
investigate the effects of mesh refinement on stress-strain distribution adjacent to perforations on
the assumed limit states. Vian (2005) also reported that the elongation predicted by the finite
element model of an individual perforated strip and full SPSW model, for monitored maximum
strain assumed close to perforations edges, was significantly different. Further research was
recommended to determine the factors that affect this behavior and to improve the design
recommendations proposed for perforated SPSW. Section 3 and 4 of this report are intended to

investigate those concerns and to resolve these issues.
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SECTION 3

ANALYSIS OF PERFORATED STEEL PLATE SHEAR WALLS USING
STRIP MODEL

3.1 General

This section describes investigation on the behavior of individual perforated strips as a sub-
element of perforated SPSW using the finite element software ABAQUS/Standard. Several key
features of assembling a comprehensive finite element model, such as modeling process, element
definitions, and material definitions, are concisely discussed first. After evaluating the accuracy
and convergence of the resulting finite element model, perforated strips 400 mm wide with

100 mm diameter holes are first examined and results are presented in terms of stress-strain
distributions throughout the strip section as well as in terms of global deformations. The model is
then modified to consider various perforation diameters, boundary conditions, and material
idealizations. These studies are intended to develop an understanding of the behavior of
individual perforated strips as a fundamental building block in understanding the behavior of

complete SPSW in the next section.

3.2 Finite Element Description of Strip Model

Examples of the type of perforated panel layouts considered here, in which holes are uniformly
distributed throughout the infill plate of a SPSW are shown in figure 3-1 for a four-story building
frame. One possible perforation layout is detailed in figure 3-2 with perforations of diameter D
are equally spaced of diagonal width Sy;,,, arranged at an angle @ with respect to the beam axis
which in this case is considered 45°. Vian (2005) defines a “typical” panel strip as “the region
within a tributary width of /5S4, on either side of a perforation layout line”; in figure 3-2, the
region is shaded differently. One infill plate may consist of several strips which depend on the
frame dimensions and the perforation layout. Single strips having particular dimensions and
perforation layout are investigated in this section using finite element analysis as explained in the

following sections.
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FIGURE 3-2 Schematic Detail of 3" Story Panel and “Typical” Diagonal Strip (Vian 2005)
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3.2.1 Typical Perforated Strip Models

Typical perforated strip dimensions of length L equal to 2000 mm, diagonal width Sy;4, equal to
400 mm, number of perforations along the diagonal strip N, equal to 4, and plate thickness ¢,
equal to 5 mm are studied in this section. These dimensions are similar to those Vian (2005)
investigated for a range of perforation diameters. Here finite element analyses were performed
for strips having a perforation diameter D ranging from 10 to 300 mm, corresponding to a
perforation ratio D/S4i,e varying from 0.025 to 0.75. For the strip geometry selected, a perforation
diameter increment of 10 mm was chosen for analyses between the limit values of 10 mm and
300 mm, to obtain a relatively large number of data points and thus relatively smooth curves in
the plots that express the variation of behavior for various perforation diameters than the ones

that were previously developed by Vian (2005).

Current design philosophy of SPSW allows the infill plates to buckle in shear and form diagonal
tension strips to resist lateral loads. Due to that buckling during the inelastic stage, as a first step
in this study, the continuity between strips was assumed to be such that there is no interaction
between adjacent strips that could affect the stress distribution within an individual strip. Each
strip therefore behaves as an independent strip. This assumption is then revisited in a latter

section. The typical geometry of an individual perforated strip is shown in figure 3-3.

Because the strip geometry and loading are symmetrical about horizontal and vertical axes
through the center of the strip, a quadrant model can be used to represent the full-strip model, as
shown schematically in figure 3-3(b). To maintain equilibrium and proper displacements,
constraints are specified along the symmetric boundaries such that displacements are restrained in
the vertical direction along the horizontal boundary, and that displacements are restrained in the
horizontal direction along the left vertical boundary. Note that as described in the previous

paragraph, the top edge which is the interface edge to adjacent strip remains un-restrained.

A monotonic incremental displacement d was applied to the strip models uniformly along the
right-edge until the strips reached a displacement dequal to 50 mm, or a total uniform strip

elongation &, (=&L) of 5%. During the analysis, total uniform strip elongations were noted when
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the maximum principal local strain &,,, reached values of 1, 5, 10, 15, and 20% somewhere in the

strips.
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(b) Schematic Representation of “Quadrant” Part — ST1 Model (not actual mesh)

FIGURE 3-3 Analyzed Typical Strip Model Geometries (Vian 2005)

3.2.2 FElement Definitions

Isoparametric 4-node shell element S4 was used in the finite element models. The S4 shell
element is a fully integrated, general-purpose shell element. Each node has six degrees of
freedom, three translations (u,, u,, u.) and three rotations (&, 6,, €.). The S4 element is not
sensitive to element distortion, can avoid parasitic locking, and does not have hourglass modes in
either the membrane or bending response of the element; hence, the element does not require
hourglass control (HKS 2004b). The S4 shell element together with a relatively small mesh size

was selected to provide reasonable solution accuracy in this study.
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This element allows transverse shear deformation by applying thick shell theory as the shell
thickness increases. Conversely as the thickness decreases, it becomes discrete Kirchhoff thin
shell element with transverse shear deformation becoming very small. Moreover, this element
also accounts for finite (large) member strains and large rotations, geometric and material
nonlinearities, and changes in thickness by inputting a specific Poisson’s ratio v= 0.3 for steel

(HKS 2004b).

The transverse shear calculation is performed at the center of the element and assumed constant
over the element thickness. Hence, transverse shear strain, force, and stress will not vary over the
area of the element (HKS 2004b). Nevertheless, in ABAQUS/Standard the default output points
through the thickness of a shell section are the points that are on the bottom and top surfaces of
the shell section for integration with Simpson's rule (HKS 2004b). Nine integration points were

used through a single layer shell and output was taken at the top surfaces.

3.2.3 Material Definitions

ASTM A572 Gr. 50 (F, = 345MPa) steel was selected and its behavior was represented by an
idealized tri-linear stress-strain model as shown in figure 3-4. ABAQUS/Standard defines stress-

strain material properties in terms of “true” stress (Cauchy stress) and logarithmic plastic strain,

Ciue and €7 respectively. The specified nominal stress (G;,,) and nominal strain (&) values

In »
obtained from coupon tests were therefore converted using the following relationships

(HKS 2004b):

G = O-nom ’ (1 + 8’10"‘1 ) (3-1)

efl =In(l+e,,, )2 (3-2)

where E is Young’s modulus taken as 200.000 MPa. Note that these equations are valid only for
an isotropic material. The “true” stress versus logarithmic plastic strain of ASTM A572 Gr. 50

steel is plotted in figure 3-5.

To define the inelastic (hardening) behavior, the Combined Hardening model was used. This
hardening model is a nonlinear combination of Isotropic Hardening and Kinematic Hardening

models. The Von Mises yield criteria was used.
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Stress-Strain Curve for A572 Gr. 50 Steel (4BAQUS Definition)

40



3.3 Meshing Algorithm and Mesh Refinement

Vian (2005) reported that some jagged curves shown in figure 2-22 might be an artifact of the
coarseness of the chosen mesh and recommended further research to investigate the effects of
mesh refinement on stress-strain distribution adjacent to perforations on the assumed limit states.
In addition, meshing algorithm on how to mesh a complex shape (i.e., regions around the
perforations) might also affect stress-strain distributions. One of the objectives of this section,
therefore, is to study the influence of mesh refinement and meshing algorithm on stress-strain
distributions throughout the strip section. The study of meshing algorithm is described first and

followed by the study of mesh refinement.

To study the meshing algorithm, three finite element models using transition zones close to the
perforations shown in figure 3-6 were studied. The transition zone is the area bounded by
half-circular or half-rectangular shapes in a distance equal to the radius of perforation offset from
the tip of the perforations (i.e., 50 mm). Note that part (¢) is a modification of part (a) by dividing
the half-rectangular zone into 4-quadrant regions. Incidentally, this meshing algorithm has been
commonly used in finite element textbooks and references (e.g., Schiermeier et al. 1996; Cook

et al. 2001; Fillippa 2004). In addition to the three previous models, a model without any
transition zone was also studied for comparison. Note that if no significant difference results
among all the models considered, the latter model is desirable because ABAQUS will directly

mesh the entire region without human-intervention, which expedites the meshing process.

The models used for this meshing algorithm study were meshed with a maximum 10 x 10 mm
size for quadrilateral elements using the Free Meshing Technique and Medial Axis Algorithm
options of ABAQUS/CAE. The transition zones were created using the Partition feature of the
Part Module. Note that the finite element model of the quadrant part shown in figure 3-3(a) was
generated using only one Part and obviously one Assembly in the ABAQUS/CAE.

The results of meshing algorithm (including the model without a transition zone) are compared in
table 3-1 along with the relative CPU time to run each model and number of elements. The table
presents the stress (S11) and strain (E11) monitored at the edge of the right perforation and total

reaction forces (RF11) in the horizontal direction monitored at the left edge when the strip
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FIGURE 3-6 Meshing Algorithms (a) Rectangular Transition Zone; (b) Circular

Transition Zone; (c) 4-Quadrant Transition Zone; (d) without any Transition Zone; (e)
Zoom View of Rectangular, Circular, and 4-Quadrant Transition Zones (left to right)



reached 2% elongation. The monitored values of all models considered are close to each other

and it is concluded that all models provide the same accuracy.

TABLE 3-1 Mesh Accuracy of Several Considered Models at 2% Strip Elongation

Transition Number of ) CPU Time
., | S11(MPa) E11 (%) | RF11? (kN)

Zone Elements" (hh:mm:ss)
Rectangular 1904 623.16 18.76 329.26 00:08:40
Circular 1886 622.02 18.53 330.05 00:08:33
4-Quadrant 2000 624.41 18.69 328.97 00:09:17
No Transition 1819 609.41 18.58 329.33 00:08:10

Note: " A maximum 10 x 10 mm mesh size
? Total reaction forces in the horizontal direction monitored at the left edge of the strip

To study the influence of mesh refinement, four finite element models with maximum mesh size
varying from coarse mesh of 20 x 20 mm to very fine mesh of 2.5 x 2.5 mm were studied. The
four-quadrant transition zone was used in each model so considered and the Enrichment or
h-refinement revision method was applied such that the refined mesh size of an element or the
square root of the refined area of an element is approximately half of that the previous one

(Cook et al. 2001).

The results of mesh refinement are compared in table 3-2 for the same monitored value. In
addition, the result of individual strip model used by Vian (2005) is also presented in the table.
Mesh refinement significantly changed the monitored strain value; E11 is equal to 16.96% and
19.51% for the coarse mesh (20 x 20 mm) and very fine mesh (2.5 x 2.5 mm), respectively.
However, the improvement in accuracy for monitored strain less significantly altered after the
mesh was further refined beyond 5 x 5 mm; for example, E11 is equal to 19.35% and 19.51% for
the 5 x 5 mm and 2.5 x 2.5 mm mesh, respectively. Therefore, the accuracy of the models was

considered to have “converged” at a 5 x 5 mm mesh size.
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TABLE 3-2 Mesh Convergence of Several Considered Models at 2% Strip Elongation

; Number of CPU Time
Model®” S11 (MPa) E11 (%) RF11 (kN)
Elements (hh:mm:ss)
Coarse Mesh
520 619.77 16.96 330.23 00:01:54
(20 x 20 mm)?
Vian Model
1872 609.77 18.66 329.22 00:08:32
(10 x 10 mm)
Normal Mesh
2000 624.41 18.69 328.97 00:09:17
(10 x 10 mm)
Fine Mesh
8000 617.17 19.35 328.16 00:46:11
(5 x5 mm)
Very Fine Mesh
32000 608.77 19.51 327.85 03:53:40
(2.5x 2.5 mm)

Note: " Except for Vian model, the four-quadrant transition zone was used.
? A maximum mesh size

On the basis of these results and computation time needed to obtain them, the models considered
later in this section use 5 x 5 mm mesh size without any transition zone close to the perforations
(except that after further review, for relatively small and big perforation diameter (i.e., D < 60
and > 250 mm), a rectangular transition zone is used as needed by ABAQUS to mesh the regions

close to the perforations correctly, without element distortion).

3.4 Behavior of Perforated Strip Model

Strip deformations, maximum in-plane principal stress contours, and strain contours are shown in
figure 3-7 for the case having a 100 mm perforation diameter when maximum principal local
strain &,y reached a value of 20% somewhere in the strip. As shown in the figure, the in-plane
principal stress and strain contours are uniform at the right edge of the strip. However, holes in
the strip disturbed the “regularity” of the stress and strain flows and high stress and strain
concentrations developed at the perforation edge and zones of yielding radiate out from this

location at approximately 45° angles to the left and right of the perforations.
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This phenomenon can be explained by reviewing the stress distributions in the 1-1 and 2-2
direction plotted in figures 3-8(a) and (b), respectively. The figures show that stresses at shell
elements close to the perforation edges are mainly dominated by S11. For example, S11 of
element K shown in figure 3-8(c) is equal to 619 MPa while S22 is only 34.5 MPa. This makes
element K stretches in the 1-1 direction and, because of Poisson’s-ratio effect, it shrinks in

the 2-2 direction. The combination of these two effects pulls down the shell elements on top of
element K; as this condition repeats itself, amplifying the “pull” to each subsequent adjacent
element, by the time element H is reached, S22 has increased to 134 MPa while S11 slightly
decreased to be 512 MPa. By element C, however, S22 has decreased close to zero (compression
stress of 7 MPa at the center of the element) while S11 is equal to 356 MPa. Therefore, stress
increases in the 1-1 direction due to stress concentration also created pull-down forces in the 2-2
direction. This explains why the unrestrained top edge (the interface edge to the adjacent strip)
adjacent to the perforations moved inward (as shown in figure 3-7a) in addition to rightward
movement. For example, when the right tip of strip has deformed 21.5 mm to the right, the top
edge on average has deformed 3.75 mm inward. In an actual SPSW the interface between
adjacent strips correspond to a buckle “ridge”, and this inward pull towards the hole due to

Poisson’s-ratio effect would locally reduce the amplitude of the ridge.

Between the perforations above the level of the perforation edges, no stress concentration
occurred, elements developed roughly equal S11 stresses. However, below the level of the
perforation edges, S11 is relatively smaller compared to that above the level of perforation edges.
For example, element F experienced S11 equal to 312 MPa while element J only experienced S11
equal to 232 MPa. This phenomenon occurred because low axial compression forces developed
in the elements close to the two perforations edges at the level of element J and with
corresponding push-up forces in the 2-2 direction. Insignificant inward deformation of the top

edge away from the perforations confirms this behavior.

Between the two cross sections, elements E and G experienced compression stresses in the 2-2
direction in combination with tension stresses in the 1-1 direction. This made element E and G
experience large maximum principal stresses. The contribution of compression S22 stress and

tension S11 stress facilitate the occurrence of yielding as can be shown using a Mohr’s circle
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FIGURE 3-8 Stress Distribution of the 100 mm Perforated Strip

(figure 3-8d) with the yielding point defined when the combination of stresses make the circle
intersect Ty, = 6,/2. This phenomenon of large maximum principal stresses is experienced by

elements positioned at an approximate 45° angle from the perforations as seen in figure 3-7.
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3.4.1 Perforated Strip as a Tension Member

The behavior of tension member is often described in terms of two key limit states: fracture on
net section or yielding on gross section. For effective global element ductility of a tension
member, it is important that yielding on gross section precede net section fracture as the applied

axial load is increased (Dexter et al. 2002), i.e.:
F,-4,2F, -4, (3-3)

where 4, is the net strip area; 4, is the gross strip area; F, is the ultimate tensile strength; F), is the
yield strength. If (3-3) is satisfied, yielding in the net section due to localized high stress
concentration developing there will have a chance to spread throughout the member and allow
yielding to occur in the gross section as well. However, if (3-3) is not satisfied, inelastic
deformations will remain localized to the region close to the perforation while the gross section
remains elastic under increasing tensile load. Thus, failure would occur at the net section before
the development of adequate total member elongation.

Substituting 4, = (S D)-tp and 4, =S

diag " £, 10t0 (3-3) and the equation can be rewritten as

D F,
< (1-7j (3-4)

diag u

diag -

For the A572 Gr. 50 (Fy = 50 ksi, F', = 65 ksi) steel used in this study, (3-4) simplifies to

D/Siiag < 0.23. This equation was used to examine the trend in maximum local strain in the strip
for various perforation ratios as plotted in figure 3-9. Even though this equation assumes uniform
longitudinal stress distribution across the net area when the ultimate stress is reached, it does not
correspond to what has been observed by the authors (e.g., the axial stresses vary from 619 MPa

to 356 MPa between elements K and C in Fig. 3-8) as further described in subsequent sections.

Figure 3-9 displays the maximum principal local strain &,,, in the strip versus perforation ratio
D/Saiag when the strip has been elongated from 1% to 5%. The maximum principal local strain
increases significantly as a function of perforation ratios over the range D/Sgj.g = 0.025 to 0.2
(which corresponds to D = 10 mm to 80 mm in this case), but then decreases gradually as the
perforation ratio increases from D/S;;,e = 0.2 to 0.6 (D = 80 mm to 240 mm), and resumes

increasing slightly above D/Syi, = 0.6. Note that the increasing and decreasing parts are roughly
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separated by the D/Sgi,e = 0.23 limit (increasing on its left side of this limit and decreasing on its

right side).
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FIGURE 3-9 Maximum Local Strain &,,, versus Perforation Ratio D/Sg;,g
(Idealized Stress-Strain Curve A572 Grade 50 Steel)

For the zone where perforation ratio D/Sg.e < 0.23, yielding originally occurred in the elements
close to the perforation edge would progressively be distributed to the gross section as the tensile
load increases. As a result and because of strain hardening, the net section has a significant
capacity to stretch beyond the point for which the strip has reached the monitored total strips
elongation; as the perforation ratio increases, the decreased net section obviously has to stretch
more to reach the same monitored elongation. However, for the zone where perforation ratio
D/Sqiag 2 0.23, yielding will be localized to the region close to the perforation while the gross
section remains progressively more elastic. By the time the monitored total strip elongation is

reached, the shell element close to the perforation edges has reached higher strain and plastic
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deformation. As perforation diameter further increases, this target limit strain is reached earlier,
corresponding to a lesser magnitude of total member elongation. However, note that in SPSW
applications even though gross section yielding cannot develop in some cases, the spread of
localized yielding, and repetition of it at multiple holes for the perforated plate configuration
considered, still make it possible for the perforated plate to reach target total elongations adequate

to meet the maximum drift demands for actual SPSW.

3.4.2 Effect of Holes on Strip Global Deformation

The effect of holes on strip global deformation is illustrated in figure 3-10 where uniform
distributed strip elongation &,, versus perforation ratio D/S;., are plotted at 1, 5, 10, 15, and 20%
maximum principal local strain. At higher monitored strain &4, equal to 10% to 20%, the total
strip elongation decreases significantly at small perforation ratios (i.e. D/Sziag = 0.025 to 0.1 or

D =10 mm to 40 mm), and then gradually increases between D/S4i,e = 0.1 and 0.6 (D = 40 mm to

5.0
4.5 1
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3.0
2.5 1
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FIGURE 3-10 Uniform Distributed Strip Axial Strain &,, versus Perforation Ratio D/S e
(ST1 Model, Idealized Stress-Strain Curve A572 Grade 50 Steel)
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240 mm) before slightly decreasing again for D/Sgi,e > 0.6. At the lower monitored local strain
levels (i.e. & = 1% and 5%), the total strip elongation remains almost constant for the entire

range of perforation diameters.

One might argue that an increase in perforation diameter (for D/Sj;,e = 0.23) leading to an
increase in total strip elongation (for the same monitored local strain) is counterintuitive. For
example, to reach a 20% maximum local strain, the strip having a 100 mm perforation diameter
has elongated 21.0 mm (&,, = 2.10%) but the strip with 200 mm perforation diameter strip
elongated even more (as much as 30.7 mm for &, = 3.07%) before this local strain limit was
reached. Note that in this case, &, equal to 2-&L. To explain this behavior, it is first useful to
compare the respective area of strip stressed beyond the yield point (g, = 1.725 x 107) for
different strips, such as the strips having 100 and 200 mm diameter holes in figure 3-11. While it
was originally suspected that the greater elongation of the strip having 200 mm diameter holes
might have been attributed to the longer length over which yielding spread (as a percentage of
total plate length), figure 3-11 actually shows that this is not the case. The area over which
inelastic behavior develops (i.e., inelastic area) for the strip having 100 mm diameter holes is
larger than that for the strip having 200 mm diameter holes. The percentage of inelastic area over
strip net area is about 60% and 43% for the strip having 100 and 200 mm perforations,
respectively. Note that these percentages become 58% and 36% if the inelastic area is divided by
the gross strip area (i.e., a constant value of 1000 mm x 200 mm = 200.000 mm? in this case).
However, the magnitude of the inelastic strain develop within these areas of inelastic
deformations differs very significantly. One way to capture this difference is by comparing the
energy dissipated by plastic deformation (ALLPD — ABAQUS definition) for both plates. Even
though the inelastic area of the 100 mm perforated strip are bigger than that of the 200 mm
perforated strip as shown in figure 3-11, its plastic deformation energy (ALLPD equal to

5530 kNmm) is smaller than for the 200 mm perforated strip (ALLPD equal to 5734 kNmm).
This confirms that shell elements close to a bigger perforation edge stretched more than those

close to a smaller perforation edge.

To provide additional insight into this behavior, a variation of figure 3-10 is plotted in figure 3-12

by normalizing the total strip elongation by the factor N,.D/L, which is the ratio of perforated
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FIGURE 3-12 Normalized Strip Elongation [€,,]/[V,-D/L] versus Perforation Ratio D/S 4
(ST1 Model, Idealized Stress-Strain Curve A572 Grade 50 Steel)

length to overall length in a strip (Vian 2005). Simultaneously, the vertical axis is expressed as
2-/N,.D, which is the total strip displacement divided by a total length of perforations over the
entire strip. As shown in the figure, for all cases the normalized strip elongation gradually

decreases as the perforation ratio increases.

3.5 Effect of Boundary Conditions

It was previously assumed in Section 3.2.1 that no interaction exists between adjacent strips
occurred, and that each strip therefore behaves as an independent strip. However, to investigate
the significance of this assumption, it is instructive to also consider (for comparison purposes),
strips fully restrained laterally, as a worst case of the possible interaction that could develop with
adjacent strips. Considering this hypothesis, a new model was developed as shown in figure 3-13.
The interface edge is idealized such that it is restrained against displacement in the vertical

direction, which is the only difference from figure 3-3(b), while the other properties remain the
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same. To distinguish this model and the previous model, they are labeled ST2 and ST1,
respectively. The behavior of ST2 model was examined in this section and afterward compared to

that of the ST1 model for the same range of perforations.
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FIGURE 3-13 Schematic Representation of “Quadrant” Part — ST2 Model
(modified from Vian 2005)

Typical plate deformations, in-plane principal maximum stress contours, and strain contours of
the ST2 model are shown in figure 3-14 for 100 mm perforation diameter when maximum
principal local strain &,,, reached 20%. The ST2 stress and strain contours are significantly
different from the ST1 contours. In this case, the stress and strain concentrations are initiating at
the perforations edges but then zone of yielding are radiating vertically to the top edge. This is
because the vertical restraints at the top edges prevented deformations of the shell elements in

the 2-2 direction due to Poisson’s-ratio effect, and only allowed movement in the 1-1 direction.
As aresult, higher stress and strain are localized in the elements that line up from the perforations

to the top edge.

Study of holes effects to the strip global deformation were also conducted within ST2 model with
the same range of perforation diameters and monitoring procedures as for the ST1 case. The
results in terms of the uniform strip elongation &, and the normalized strip elongation &,,/(N,-D/L)
are plotted as a function of perforation ratio in figures 3-15 and 3-16, respectively. For
comparison, the normalized strip elongation &,,/(N,-D/L) of the two models was compared at &,
equal to 15% and 20%, and plotted in figures 3-17 and 3-18, respectively. It is observed from
those figures, that the normalized strip elongation is higher for the ST2 model than for the ST1

model for the entire range of perforations and monitored strain. For example, for the perforation
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FIGURE 3-15 Uniform Distributed Strip Axial Strain &,, versus Perforation Ratio D/S ;.

(ST2 Model, Idealized Stress-Strain Curve A572 Grade 50 Steel)
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(ST2 Model, Idealized Stress-Strain Curve A572 Grade 50 Steel)
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Perforation Ratio D/Sgi,e at Euux = 20% for Two Different Finite Element Models

59



ratio D/Sgiag = 0.250 (which corresponds to D = 100 mm), the normalized strip elongation of the
ST2 model are 0.09 (&, = 1.78%) and 0.13 (&, = 2.57%) at 15 and 20% maximum principal
local strain, respectively. On average, these values are 1.3 times higher than those of the ST1
model which are 0.07 (&, = 1.48%) and 0.10 (&,, = 2.10%) for the same respective monitored
strains. These results indicate that because the ST2 model has more constraints, it required higher
tensile load (or strip elongation) to reach the same monitored strain than for the ST1 model.
Overall, the differences in results remain small and not of concern in the perspective of SPSW
behavior. However, it is believed that the boundary conditions of model ST1 are more

representative of those that exist in SPSW, and results in Section 4 will confirm this postulate.

3.6 Effect of Material Idealizations

In this section, to investigate how the response of perforated SPSW could be affected by the
model assumed for type of steel used, three material models were defined to represent various
ways to express the constitutive stress-strain relationship of A572 Gr.50 steel. They are the
idealized tri-linear stress-strain model used by Vian (2005), the monotonic uniaxial non-cyclic
stress-strain model shown in figure 3-19 (from Salmon and Johnson 1995), and an elasto-
perfectly plastic bilinear stress-strain model with F,= 345MPa and &, = 0.17%. This latter
bilinear model is considered to examine how the absence of strain hardening could affect the strip

global deformation.

The first material model is the one that was applied to the ST1 model of figure 3-3 and for which
corresponding response and behavior was reported in Section 3.4. This section describes the
behavior of two modified-ST1 models using the last two material models. Note that parameters
for the two additional models are converted to “true” stress and logarithmic plastic strain by
using (3-1) and (3-2) before inputting to ABAQUS input files. The “true” stress versus
logarithmic plastic strain of the monotonic uniaxial non-cyclic stress-strain of ASTM A572

Gr. 50 steel is plotted in figure 3-20. In ABAQUS/Standard, perfectly plastic behavior is defined
by inputting a single yield stress and strain (HKS 2004b). The same analysis as previously
performed for the ST1 model was also conducted for the two new models and results were
compared to that of the ST1. To distinguish them, the two new models are labeled ST1R and

ST1B for the monotonic real (R) and bilinear (B) material models, respectively.
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Plate deformations, in-plane principal maximum stress contours, and strain contours of the STIR
and ST1B model for the strip having a 100 mm perforation diameter when maximum principal
local strain &, reached 20% are shown in figures 3-21 and 3-22, respectively. As expected, the
STIR model behaves similar to the ST1 model where high stress and strain concentrate at the
perforation edges and then zone of yielding radiate to the top edges at approximately 45° angles
with respect to the horizontal axis. Inward deformations at the top edge also are near identical.
However, in the ST1B model, yielding is significantly more concentrated close to the

perforations and spreads to much fewer adjacent elements.

The uniform strip elongation &,, and the normalized strip elongation &,,/AN,-D/L) versus
perforation ratio D/S.e corresponding to the two new models are plotted in figures 3-23 to 3-26,
respectively. Finally, the normalized strip elongation &,,/(N,-D/L) of the three analyzed models
was compared at €max equal to 15% and 20%, and plotted in figures 3-27 and 3-28, respectively.
Among the three material models, ST1B elongated significantly less than the ST1 and ST1R
models for each target local strain. For example, for perforation ratio D/Sg. equal to 0.25

(D =100 mm), the normalized strip elongations of the ST1B model are 0.03 (&,, = 0.56%) and
0.04 (&, = 0.72%) at 15 and 20% maximum principal local strain, respectively. On average, these
values are only one-third of the ST1 and ST1R values. On the other side, the ST1 and STIR are

in good agreement; the difference between the two is less than 4%.

This confirms the importance of duly modeling strain hardening in the material model to properly
capture the spread of yielding needed in this system to allow the strips to reach the total ductile

elongation needed to accommodate the drift demands in perforated SPSW.

3.7 Summary

The finite element program ABAQUS/Standard was used to investigate the behaviors of
individual perforated strips. Mesh accuracy and mesh convergence study were first done on the
100 mm perforated strip model (ST1 Model with the idealized tri-linear stress-strain material
model and no interaction between adjacent strips). The non-linear behavior of various perforated

strip models with perforation diameter varying from 10 to 300 mm was then considered. The
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results were presented in terms of stress-strain distribution throughout the strip section as well as
in terms of global deformation. Considering a large number of data points and fine mesh
(maximum mesh size of 5 x 5 mm), “smooth” curves of total uniform strip elongation versus
perforation ratio were developed thus enhancing and expanding results previously reported by
Vian (2005). Three different models were then developed to study the effect of boundary
conditions and material idealizations; the ST2 model developed to consider the possible
interaction between adjacent strips, the ST1R applied the monotonic real material model, and the
ST1B applied bilinear material model. Notable changes in stress and strain distribution were
observed when modifying the boundary conditions or when eliminating the strain hardening from

the material model.

The strip elongation of the ST2 model is 1.3 times higher than that of the ST1 model and the
model without strain hardening (ST1B) elongated only one-third of the model with strain
hardening (ST1 and ST1R) when the limit states of 15 and 20% was reached. The ST1 and STIR
model are in good agreement; the difference between the two is less than 4% at the same limit
states. These studies provide preliminary knowledge useful in understanding the behavior of a

complete wall in Section 4.

68



SECTION 4
ANALYSISOF PERFORATED STEEL PLATE SHEAR WALLS

4.1 Genera

The preceding section described the finite element analysis of individual perforated strips as key
elements to understand the behavior of perforated SPSW. This section describes the finite
element analysis of full SPSW, using these more advanced and complete models to verify the
appropriateness and accuracy of the individual strip model results. Specific finite element options
in ABAQUS/Standard utilized to capture the real panel behaviors are also described. Finite
element considerations discussed include geometry modeling and mesh algorithm, element
definition, initial imperfection, boundary conditions, and stability of models. Three different
models analyzed are investigated. Models including variation in infill thickness, perforation
diameter, material idealization, and element definitions are considered, and significance of the
corresponding results are assessed. The applicability of the equation proposed by previous
researchers to approximate the strength of a perforated panel is re-assessed. Finally, some design

recommendations and consideration are presented.

4.2 Finite Element Description of Panel M odel

Panel dimensions studied in this section are similar to the specimen that Vian (2005) investigated
as shown in figure 2-18. The frame’s centerline dimensions were 4000 mm wide by 2000 mm
high. I-shaped sections W18X65 and W18X71 were used for beams and columns, respectively.
Reduced Beam Section (RBS) connections and hinges located 850 mm below the intersection
point of the column and lower beam working lines were implemented. Staggered holes on

2.6 mm thick infill plate were arranged at a 45° angle with 300 mm center-to-center spacing

along both the vertical and horizontal directions.

4.2.1 Geometry Modeling and Meshing Algorithm

ABAQUS/CAE, a graphical preprocessor program, was utilized to define a Finite Element Model
(FEM) of the described specimen. Geometry modeling started using the Part Module by defining

69



each “plate” of the specimen, i.e. flanges, webs, panel zones, and infill plate independently in its
own coordinate system (however, plates that have the same dimensions and material properties
only needed to be defined once). The resulting model consisted of nine such parts. This approach
facilitated the development of new models with minor differences from the original model,

1.e. such as when changing the diameter of holes.

Using the Assembly Module tools, the parts were then positioned, relative to each other in

a global coordinate system, thus creating one final assembly (note that some parts were used

more than once). At this point the parts are not yet connected to each other though one part may
touch other parts, i.e. beam flanges and its web. Two approaches are possible to connect the parts:
the Tie Constraints option allows effectively merging the interface nodes, whereas the Merge/Cut
Instances tool allows creating a single combined mesh by assembly of compatible meshes
between the parts (HKS 2004a). The later option was chosen for the models described here. This
option merged the various parts into one single model and removed any duplicated nodes along
intersecting boundaries of adjacent parts. This option also eliminated the need for tie constraints

that are more computationally demanding (HKS 2004a).

The “fish plate”, used in the test specimen to connect the infill plate to the surrounding frame,
was not considered in the finite element model. Instead, the infill plates were connected directly
to the beams and columns. The effects of this assumption to the overall behavior of steel plate

shear walls were found to be small (Driver et al. 1997).

Meshes were then generated on the merged model within the Mesh Module after “seeding” every
edge by specifying the number of elements desired along that edge (Edge by Number rule, HKS
2004a). The models were meshed entirely using quadrilateral elements, first on the frame
members (beams and columns) followed by the infill plate. This sequence was needed; without
this sequence, resulting meshes were distorted, especially at the beams and columns flange
connected to the infill plate, because the adjacent parts were meshed using different techniques.
The frame members were meshed using the Sructured Meshing Technique. This technique is
most appropriate for simple regions that have no holes, isolated edges, or isolated vertices like

the flanges and webs of beams and columns. Note that the total number of elements within the
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mesh region will be even if a four-sided region is meshed with all quadrilateral elements (HKS
2004a). The perforated infill plate region, due to its complexity, can only be meshed using the
Free Meshing Technique. Note that a transition zone close to the perforations was not needed in
the FEM model of the specimen. However, it was needed for a small perforation diameter model
(i.e., D =50 and 100 mm) as was the case for the strip models as described in the previous

section.

Unlike structured meshing technique, free meshing technique uses no preestablished mesh
patterns, making it nearly impossible to predict the mesh pattern based on the region shape. To
reduce the mesh distortion within the free meshing region, the Medial Axis Control Algorithm
together with Minimizing the Mesh Transition option were applied where ABAQUS/CAE
automatically creates internal partitions that divide the region into simple “structured” mesh
regions and then automatically determines the number of elements (i.e., seeds) along the
boundaries of the smaller regions. In general, the mesh so created is not guaranteed to match the
number of elements that was previously specified (i.e., “seeded”) along the boundaries of the
principal region. Afterward, there could be a problem where meshes are distorted along those
principal boundaries that coincide with the Structured mesh region boundaries (i.e., at the
interface of the infill plate and the boundary frame). To overcome that distortion problem, it is
helpful to use the Fully Constrained seeds along those share boundaries such that the number of
elements along edges are pre-determined and they cannot be altered by the mesh generation

process (HKS 2004a).

4.2.2 Element Definitions

The entire infill plate and boundary elements were meshed using the S4R shell elements, a four-
node doubly curved general-purpose conventional shell element with reduced integration and
hourglass control. Reduced integration together with hourglass control can provide more accurate
results, as long as the provided elements are not distorted (relatively close to being square in
shape), and significantly reduce running time especially in three dimensions. If hourglass occurs,
a finer mesh may be required or concentrated loads must be distributed over multiple nodes

(HKS 2004b).
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The S4R shell element basically has the same behavior as the S4 shell element described in
Section 3.2.3. The difference between the two is the number of integration points. The S4R shell
element has only one integration point (in the middle of an element) compared to four integration
points for the S4 shell element. Later in this section, a comparison study is done to compare the

results obtained by the two different element definitions.

4.2.3 Material Definitions

ASTM AS572 Gr. 50 (Fy= 345MPa) steel was used for the entire infill plate and boundary
elements. For comparison, to the results for individual strip models in Section 3, the infill plate in
the full SPSW is modeled using the same idealized tri-linear stress-strain curve used in Section 3
to represent the behavior of A572 Gr. 50 steel. Moreover, knowing that the infill plate can only
yield in tension, and immediately buckles in compression, a unidirectional constitutive stress-
strain relationship is used for the infill plate. The cyclic stabilized backbone stress-strain curve
shown in figure 4-1 (equivalent to Steel “A” in the ATLSS study from Kauffmann et al. 2001)
was used in the boundary elements for the same steel grade. Note that these specified nominal
stress and strain values were also converted to “true” stress (Cauchy stress) and logarithmic

plastic strain using (3-1) and (3-2).

4.2.4 Initial Imperfections

Initial imperfections were applied in the models to help initiate panel buckling and development
of tension field action (TFA). ABAQUS offers three ways to define an imperfection: as a linear
superposition of buckling eigenmodes, from the displacements of a static analysis, or by

specifying the node number and imperfection values directly (HKS 2004b). The first option was

chosen for the models described here.

An eigenvalue buckling analysis was first run on the “perfect” structure to request the first twenty
eigenmodes. Postbuckling analysis was subsequently run after introducing imperfections in the
geometry by adding these buckling modes to the “perfect” geometry where ABAQUS interprets

the imperfection data through nodal displacements. The imperfection thus has the form

AX =D o4 (4-1)
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where ¢, is the i™ mode shape and w, is the associated scale factor (HKS 2004b). The resulting

imperfection scale factor magnitudes corresponded to only a few percent of the shell thickness.
The lowest buckling modes are frequently assumed to provide the most critical imperfections, so
usually a higher scale factor is assigned to the lowest eigenmodes, progressively decreasing for

the higher eigenmodes.

100

Steel A (A572 Gr.50)

—— Monotonic Stress-Strain Curve
20 - O Stabilized Cyclic Test Data

T o=Ke"
K=112.5 n=0.105

O T I T T
000 001 002 003 004 005

Strain (in/in)
FIGURE 4-1 Stabilized Backbone Stress-Strain Curve (Steel A —Kauffmann et al. 2001)

4.2.5 Boundary Conditions, Constraint, and L oading

Instead of explicitly modeling the hinges at the base of the specimen in the ABAQUS model,
Vian (2005) used CONN3D2 connector elements, and the same approach was used here. This
connector is a three-dimensional (3D), 2-node connector element with six DOFs in each node,
three displacements and three rotations. The connector links reference nodes at the location of the

hinges center, 850 mm below the centerline of bottom beam, to the corner nodes at the tip of each
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column flange and at the intersection of the flanges and web. Twelve CONN3D2 connector

elements were utilized in the model.

The BEAM connection type was assigned to these connector elements. This connection type is an
Assembled Connection created from two Basic Connection components, JOIN (constraining
translation) and ALIGN (constraining rotation). The result is effectively a rigid beam connection
between two nodes (HKS 2004b). At the two reference nodes, only rotation about the axis
perpendicular to the plane of the wall is allowed, to replicate the hinge rotation in Vian test
specimen. In addition, the exterior nodes of the flange elements around the perimeter of the
panel zones at the top of columns were restrained against out-of-plane movement. These
boundary conditions are similar to those Vian used in his models to replicate the experimental
setting of his tests. Further on in this section, these boundary conditions will be changed to

investigate the impact of various lateral restraints and constraints on SPSW behavior.

A monotonic pushover displacement was applied to a reference node located at the middle
centerline of the top beam. A Kinematic Coupling Constraints was used to constrain both the
translational and rotational motion of coupling nodes to the reference node. The coupling nodes
are defined as the nodes at the flanges and web of the top beam 300 mm apart around the

reference node. The resulting finite element model is shown in figure 4-2.

4.3 Non-Linear Stability and Lateral Torsional Buckling

Geometric non-linearities mainly arise, in this model, from the large-displacements exhibited in
the infill plate and local buckling of the infill plate may lead to unstable conditions. Although the
S4R shell elements described in Section 4.2.2 are able to accommodate large-displacements,
instability of the entire model may still occur. ABAQUS/Standard can overcome this unstable
condition using Stabilize option in which the program provides an additional artificial damping to
the model during a nonlinear static analysis. The artificial damping factor is determined in such a
way that the extrapolated dissipated energy for the step is a small fraction of the extrapolated
strain energy. The fraction is called the dissipated energy fraction (DEF) and has a default value
of 2.0 x 10~ (HKS 2004b).

74



FIGURE 4-2 Finite Element Model of the Specimen (Coar se M esh)

ABAQUS/Standard then uses Newton's method to solve the nonlinear equilibrium equations. The
solution is usually obtained as a series of “time” increments from 0.0 to 1.0, with iterations to
obtain equilibrium within each increment. The program can automatically adjust the time
increment to permit convergence of results without unstable responses due to the higher degree of
nonlinearity in the system, in this case related to infill plate buckling. In addition, for models
having very thin infill plates, the increment should be defined small to ensure that any obtained

solution is not too far from the equilibrium state that is being sought (HKS 2004b).
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When using the stabilization feature, one should ensure that the ratio between the viscous
damping energy (ALLSD — ABAQUS definition) and the total strain energy (ALLSE) does not
exceed the DEF value or any reasonable value (HKS 2004b). After running the FEM model,
results shown in figure 4-3 confirmed that, over the entire time increments/period, ALLSD was
significantly smaller than ALLSE. The ratio between the two at time equal to 1.0 is 0.048 and
though this ratio is somewhat bigger than the maximum recommended DEF value, the analyses

are considered to satisfy the stability requirements for the purpose of this project.

40 ; ; ; ;
35 - —
30 ; o
E | R ERRER R,
2B A mt
x [ Y o]
S 20 - o
RS | | | |
> | | | |
S S IR
q) | | | |
o [ T TP 4 [ [
LIJ | | |
104/ —ALLSE |-
ffffff — —ALLSD |-
5 1 | o |
0.0 0.2 0.4 0.6 0.8 1.0

Time

FIGURE 4-3 Strain Energy (ALL SE) and Viscous Damping Energy (ALL SD) versus
Time Increment

Note that for the boundary conditions described in Section 4.2.5, at large in-plane drifts, Lateral
Torsional Buckling (LTB) was observed to develop primarily at the top beam and slightly at the
bottom beam, as shown in figure 4-4. This buckling and twisting phenomenon on the beams also

affects the columns displacement as the left column deformed in a manner not parallel to the right
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(@)

(b)

FIGURE 4-4 Deformed Shape with Lateral Torsional Buckling at the Beams (a) Front
View; (b) Rear View (at 20% Maximum Local Strain, Deformation Scale Factor = 1.0)
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column. To overcome this condition, the models considered later in this section use a lateral
support constraining the out-of-plane movement of the nodes at the tip of the beams flanges so

called boundary nodes.

4.4 1mperfection Sensitivity

A sensitivity study to investigate impact of the magnitude and type of imperfections on analytical
results was conducted to determine the proper scale factor @, (described in Section 4.2.4) to be
included in the model to allow a correct postbuckling analysis. An eigenvalue buckling analysis
was first run on a modified FEM model for which lateral supports to the tip of the beam flanges
were added and the first two eigenmodes of that “perfect” geometry are plotted in figure 4-5.

A series of postbuckling analysis with a scale factor @, varying in a magnitude from 0 (no
imperfection) to 2, 5, 10, 15 and 20% of shell thickness for the first mode (and a decreasing
percentage for higher eigenmodes) was subsequently performed and the results are presented in

figure 4-6.

Figures 4-6(a) and (b) show the frame drifts (interstory drifts) attained when one point (any point)
in the infill plate reaches maximum local strain &nax of 1% and 15%, respectively, as a function of
the scale factor @, . In both figures, those frame drifts decrease significantly as imperfections are
introduced, and then stabilize to a constant value (at about 0.29% and 4.11% when &gnax = 1%

and 15%, respectively) as the scale factor @, increases. This confirmed that the absence of initial
imperfections significantly change the frame response. For example, to get the same maximum
local strain (i.e., &ax = 1% and 15% in the infill plate) with the imperfection model (i.e., @ = 5%),

then with the “perfect” model, the frame needs to reach 48% and 9% larger drifts, for the

respective maximum local strain.

From figure 4-6, one could question why, at higher strains in the infill plate, the initial
imperfections did not seem to matter anymore. This phenomenon could be explained by
observing the shear history of the two cases plotted in figure 4-7. At lower strain &nax = 1%, the

“perfect” infill plate remains flat carrying the increasing load by panel shear mechanism. As a
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FIGURE 4-5 Perforated Panel Buckling Mode (a) 1% Mode Shape; (b) 2" M ode Shape
(Deformation Scale Factor = 444.9)
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result, a higher load was required to yield the infill plate, at this point the overall shear strength of
the perforated panels Vyp perf €qual to 1611 kN, than for the imperfect infill plate which only
required a shear load Vyp pert 0f 1044 kN. For the former, as strain increased and shear yielding
occurred, tension field action suddenly developed, marked by a shear drop in strength. Eventually
the two models developed approximately the same shear strength (i.e., Vyp perf = 2366 kN and

2376 kN, respectively, at maximum local strain &nax = 15%).

Furthermore, note that the first four eigenvalues as listed in table 4-1 are closely spaced and
might have impacted the postbuckling response. Further analysis, however, has proved that
setting the highest scale factor on the first four eigenmodes (and a decreasing percentage for

higher eigenmodes) did not change significantly the postbuckling response. For example, at the
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scale factor @, = 10% and &max = 1% and 15%, the frame drift magnitude only differed by 7%

and 2%, respectively.

TABLE 4-1 Eigenmodes and Corresponding Eigenvalue of the “ Perfect” Structure

MODE NO EIGENVALUE
1 31.484
2 -31.548
3 32.424
4 -33.311
5 42.299
6 -44.887
7 -50.988
8 54.369
9 67.896
10 -69.252
11 74.712
12 -76.907
13 86.443
14 -87.964
15 94.150
16 96.992
17 -98.893
18 -102.090
19 104.300
20 -108.850

Therefore, consideration of the initial imperfections into the model was necessary to capture the
correct postbuckling response and the scale factor @, was found to be a little sensitive for closely
spaced eigenvalues. For simplicity, an initial imperfection amplitude of 1 mm multiplied by the
first eigenmodes and decreasing for higher mode was chosen for the rest of the models analyzed

in this section.
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4.5 Behavior of Perforated SPSW Considering Alternative M odels

The behavior of panels in SPSW could be more complex than that of individual strips previously
modeled in Section 3, partly because of the continuity between strips, the development of
buckling orthogonally to yielding, and the uneven elongation of the “virtual” strips across the
panel as a result of the flexibility and strength of the boundary beams and columns. In addition,
for a modeling perspective, boundary conditions, mesh size, and perforation diameter as
considered in the individual strip analysis also affect the stress and strain distribution results in
the panel. Other aspects that may affect the stress and strain distribution in the panel in ways that
could not be observed in the individual strip model are non-linearity effects, initial imperfections
of the infill plate, boundary element stiffness/rigidity and lateral support, local buckling, and
relative infill plate thickness. Sections 4.3 and 4.4 addressed some of these aspects; the remaining

will be discussed below and in the subsequent sections.

Vian (2005) reported that the elongation predicted by finite element model of an individual
perforated strip and full SPSW, for monitored strain assumed close to perforations edges, was
significantly different. The researcher recommended further research to determine the factors that
affect this behavior and to improve the design recommendations for perforated SPSW. This
significant difference cannot be explained at that time. The objective of this and the following
sections, therefore, is to investigate why prior results from panel analysis did not support the

predictions from individual strip model analysis and to propose technical answers to this problem.

Three finite element models were studied for this purpose, and are referred to as Flexible Beam
Laterally Braced (FLTB) Model, Rigid Floor (RF) Model, and Rigid Beam (RB) Model. The

200 mm perforated panel model four rows of perforation along the diagonal (N, = 4), as shown in
figure 4-2, was chosen for all models in the initial stage of this research. Later in this section,
panel models with variation in perforation diameter and infill plate thickness will also be

reviewed.

45.1 FlexibleBeam Laterally Braced (FLTB) Model

The FLTB model is intended to prevent lateral torsional buckling, as described in Section 4.3, by

constraining the out-of-plane movement of the boundary nodes at the beams flanges. For that
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purpose, note that CONN3D2 connector elements were reduced to only 4 connectors instead of
12 connectors as in the previous model. This will avoid redundant constraints (named Consistent
Overconstraints in ABAQUYS) at the four corner nodes while the two middle nodes remain un-
constrained. Further analysis had shown that this reduction did not significantly change the

overall frame response.

A monotonic pushover displacement was applied to the model. Frame drifts and strips
elongations were noted when maximum principal local strain &nx somewhere in the infill plate,
usually adjacent to a perforation, reached values of 1, 5, 10, 15, and 20%. Frame drifts were
measured from the difference in displacements between the center of the top and bottom panel
zones of the two columns and the average of the two were divided by the frame height. Strip
elongations, for the strips labeled as STRIP L, 1, 2, 3, 4, and R from the left to right side as
shown in figure 4-8, were measured from one point at the interface of the infill plate with the top
beam to another corresponding point at the interface of the infill plate with the bottom beam, then
multiplied by corresponding cosine or sine of the perforation orientation angle € to get axial
deformation of the strips. The sine component, in this case, is relatively small due to the high
moment of inertia of the beams and therefore can be neglected. Only the cosine component of
displacement is considered here. Also note that compared to the previous case in which lateral
torsional buckling of the beams was not prevented, because of the lateral support, the columns

here remained parallel to each other throughout the response.

Figure 4-9 displays the results of total uniform strip elongation &, (=4L/L) for a SPSW having

a 5 mm infill plate thickness at each monitored strain value plotted on the vertical axis and for
STRIPs 1 to 4 on the horizontal axis. For comparison, results obtained from the individual
perforated strip analysis are also plotted on the figure as shown by the five horizontal lines for
each monitored strain. Note that STRIPs L and R are not plotted in the figure because both strips
have different characteristics, in terms of number of perforations and strip dimensions, from the
individual perforated strip model. Incidentally, note that the regular geometry and dimensions of
strips considered in Section 3 (e.g., D/Sjiag = 0.5 for D = 200 mm and Sjag = 400 mm) differ
somewhat from those considered by Vian (2005); in his tested SPSW, a horizontal and vertical

spacing of 300 mm was used resulting in a diagonal strip width or spacing of perforation Sjag of
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424.26 mm, and perforation ratio D/Sjiag 0f 0.471. Hence, for comparison purposes, lines

represent the results of individual strip analysis at the same perforation ratio of 0.471.

® ® .
STRIPl STRIP2 STRIP3 STRIP4

O O O O
O O O O O
STRIPL O O O O O
O O Q O O

STRIPR

\ the locationsto measure

strip elongation

FIGURE 4-8 Strip Annotation on Perforated SPSW

It was originally suspected that each strip would reach the same amount of elongation. However,
figure 4-9 shows that this is not the case. Every strip reached a different strip elongation, with
only STRIP 1 matching the individual strip results (for reasons unknown at this time), while the
elongation observed for the other strips in SPSW panel was less than that for corresponding
stand-alone strip. At 20% maximum principal local strain in the infill plate, STRIP 4 elongation
was 22% less than that for the individual strip. This behavior can be understood after reviewing
the deformed shape of the model plotted in figure 4-10 where the beams deflected due to local
buckling and diagonal tension from the infill plate. Note that lateral supports are not shown in the
figure. The individual and non-symmetrical beam deflection are shown magnified and
schematically in figure 4-10(b). Maximum deflection of the top and bottom beams are 34.6 mm

(located 593 mm to the left from the center line) and 27.4 mm (located 1205 mm to the right from
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the center line), respectively. This leads to the unequal strip axial deformations of 66.9, 60.7, 58.5,

and 54.0 mm for STRIPs 1 to 4, respectively.
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FIGURE 4-9 Uniform Distributed Strip Axial Strain &, at each Monitored Strip L ocation
(FLTB Model, FineMesh, t, =5 mm, D = 200 mm, D/Sjiag = 0.471);
Lines Correspond to Individual Strip Analysis

In-plane principal maximum stress contours, strain contours, and strain tensor field of the model
are shown in figure 4-11 at 20% monitored strain. A distribution of tension field action around
the perforations similar to that observed by Vian (2005) is shown in the figure. Stress and strain
concentrations are initiating at the perforation edges, and zones of yielding are radiating out from
this location at approximately 45° angles with respect to the diagonal tension field orientation,
and then overlapping with yielding zones of adjacent holes from different strips, as shown in

figure 4-11(b) and (c), before finally flowing into the RBS connections.

Note that even though presented first, the results described here are actually revisited results

obtained after observing the effect of mesh sizes described subsequently in Section 4.5.2. The
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FIGURE 4-10 Deformation Shape of FLTB Model: Uneven Deflection at Top and Bottom
Beam (a) Finite Element Results; (b) Schematic Defor mation
(Deformation Scale Factor = 3.0)

87



FIGURE 4-11 Perforated Panel Analysis Resultsat 20% Maximum Local Strain of
FLTB Model, Fine Mesh, t, =5 mm, D = 200 mm, D/Syiag = 0.471 (a) Maximum In-Plane
Principal Stress Contours

FLTB model described here was intentionally meshed using fine meshes instead of the coarse
meshes used in the previous sections when investigating stability and imperfection sensitivity.
Meshes started with 25 x 25 mm shell elements near the boundary elements and gradually

reduced to an average dimension of 15 x 15 mm per shell element adjacent to the perforations.

It appears that deformations in the beams play a significant role in affecting the variations in strip
elongations in the panel. To investigate the significance of this effect, the two alternative models
presented next are considered. In the first case following, rigid-body motions of the beams are
considered, as a preliminary way to model rigid floors. This model is named Rigid Floor (RF)
Model.
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FIGURE 4-11 Perforated Panel Analysis Resultsat 20% Maximum Local Strain of
FLTB Model, Fine Mesh, t, =5 mm, D = 200 mm, D/Syiag = 0.471 — Cont’d (b) Maximum
In-Plane Principal Strain (c) Strain Tensor Field
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4.5.2 Rigid Floor (RF) Mode

The ABAQUS model described for the FLTB model was modified by adding vertical constraints
at the boundary nodes at the beams flanges while the other model properties remain the same.

A monotonic pushover displacement was again applied to the model; frame drifts and strips
elongations were noted for each monitored strain. In this model, all the nodes in the top and
bottom beams moved as a rigid-body motion. Frame drifts were therefore measured from the
difference in lateral displacement of the columns at the levels of the top and bottom of the infill
plate (i.e., Hpanet = 1553 mm). Total uniform strip elongation & are plotted in figure 4-12 for a

2.6 mm infill plate thickness.
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FIGURE 4-12 Uniform Distributed Strip Axial Strain &, at each Monitored Strip
L ocation (RF Model, Coarse Mesh, t, = 2.6 mm, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis
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For comparison, the total uniform strip elongation &, on the tension field strips of a SPSW
having rigid pin-ended frame members can be related to interstory drift through compatibility

relations (Vian 2005) by

.sin2
Eun :W (4_2)

where j is the frame (interstory) drift and ¢ is the tension field inclination angle which is
typically near 45° in SPSW, and certainly close to the value here since the perforation orientation
angle @ was set at this angle. The Rigid Floor Model was developed as a way to approximate
(using finite element analysis) the theoretical case of SPSW with rigid pin-ended boundary
elements, and the equivalent strip elongation calculated from (4-2) is therefore also plotted in
figure 4-12 under the label Equivalent. To further complete the comparison, results for the

individual strips analyzed in Section 3 are also shown on this figure.

It can be observed from figure 4-12 that, in this case, all strips reached about the same elongation.
At 20% maximum principal local strain in the infill plate, on average, the SPSW strips have
elongated 3.76%. Furthermore, the equivalent strip elongation calculated using (4-2) consistently
closely matched the SPSW strip elongations with 3.69% elongation at the maximum principal
local strain, i.e., less than a 1% difference from the SPSW strips average elongation. At the other
monitored strain levels, this difference varied between 2% and 5%. However, SPSW results
varied more considerably from the individual strip results. For example, at 20% maximum
principal local strain, the SPSW average strip elongation results (i.e., 3.76%) are 23% higher than
that for the individual strip model which only elongated 3.00%. At that time, one possible reason
for this observed difference speculated to be possibly attributable to the mesh sizes that were used
in the model. This was a point deemed worthy of further consideration, particularly given that the
limit state driving the qualification of system performance in this case is a maximum local strain
that is by definition generally sensitive to mesh size. To investigate this possibility, various mesh

sizes were considered.

To this point, the SPSW plate was modeled using coarse meshes, starting with 50 x 50 mm shell
elements near the boundary elements and gradually reducing to an average dimension of

35 x 35 mm per shell element adjacent to the perforations. A refined mesh model was then used,
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with mesh such that plate elements started at a size of 25 x 25 mm near the boundary elements
and gradually reduced to an average of 15 x 15 mm adjacent to the perforations. This later model
has 27099 elements (four times more elements) and was computationally more expensive than
the previous model). The results obtained with this refined model are plotted in figure 4-13. In
this case, it is shown that the SPSW total uniform strip elongation results match the results
obtained for the individual strip model. At monitored strain &max = 5%, the difference between the

results for the two models is less than 2%.
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FIGURE 4-13 Uniform Distributed Strip Axial Strain &, at each Monitored Strip
L ocation (RF Model, Fine Mesh, t, = 2.6 mm, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis

Deformed shape (both front and rear view) for the RF model having a perforated infill plate with
200 mm diameter holes is shown in figure 4-14, while in-plane principal maximum stress
contours, strain contours and strain tensor field are shown in figure 4-15. Note that both figures
are plotted at 20% maximum strain. The regularity of the observed deformed shape, with peaks at

the strips lines and valley between them, illustrates how each strip reached the same elongation.
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FIGURE 4-14 Deformed Shape of RF Modédl (a) Front View; (b) Rear View
(Deformation Scale Factor = 1.0)
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FIGURE 4-14 Deformed Shape of RF Model —Cont’d (c) Infill Plate Defor mation Shaped
(Deformation Scale Factor = 2.0)

FIGURE 4-15 Perforated Panel Analysis Resultsat 20% Maximum Local Strain of
RF Model, FineMesh, t, = 2.6 mm, D = 200 mm, D/Sgiag = 0.471 (a) Maximum In-Plane
Principal Stress Contours
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FIGURE 4-15 Perforated Panel Analysis Resultsat 20% Maximum Local Strain of
RF Modél, Fine Mesn, t, = 2.6 mm, D = 200 mm, D/Sgiag = 0.471 (b) Maximum In-Plane
Principal Strain; (c) Strain Tensor Field
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The maximum peak and valley are 67.9 mm (at the upper left corner) and — 67.5 mm (at the
lower right corner), respectively. On the middle strip, the maximum peak and valley are 40.99
mm and — 38.31 mm, respectively. Note that all points along a given peak “ridge” do not reach
the same maximum out of plane deformation. Indeed, the magnified deformations shown in
figure 4-14(c) illustrate that the maximum value for the peaks occur along the ridge at the
location furthest away from holes, where as some reduction in the amplitude of the out-of-plane
buckle occurs at the point closest to two adjacent holes. For example, adjacent to and on each
side of the maximum peak of 40.99 mm, along the buckling fold, the maximum out-of-plane
deformation drops to 32.68 mm and 31.80 mm between holes. This behavior illustrates that the
boundary conditions between each individual strip is unrestrained by adjacent strips. As such,
each strip behaves as shown in figure 3.7 (rather than what is shown in figure 3.14), and the
variation of amplitude of out-of-plane deformation along a buckling fold occurs as a result of the
reduction of effective width due to Poisson’s-ratio effect that develops as the strip elongates. The
distribution of tension field action around the perforations similar to that observed by Vian (2005)
is again seen on the figure, where stress and strain concentrations initiate at the perforation edges
and zones of yielding radiate out from this location at approximately 45° angles with respect to
the diagonal tension field orientation. Note that in this model, plastic hinges were constrained to
occur in the columns by artificially making the beams infinitely rigid across the entire width of
the SPSW. This was done as an interim measure to establish the linkages between full plate
behavior and the simplified individual strips. As demonstrated above, such a match exists and
difference between results for actual unconstrained SPSW and individual strips are primarily due
to flexibility of the top and bottom beams, and not some of the other factors enunciated earlier

(e.g. plate buckling, initial imperfections, etc).

To further the understanding of how strip elongations in actual SPSW relate to the individual
strip model, another intermediate step is considered, this time using a model in which a rigid-
body motion on the beams is considered, but for which plastic hinges occur at the RBS
connections (as would be expected in correctly designed SPSW). The next section describes this

model named the Rigid Beam (RB) Model.
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4.5.3 Rigid Beam (RB) Model

The RB Model is a modification of the refined RF Model in which the beams boundary
conditions are changed while all other model properties, including the lateral supports, remain the
same. In this model, a very stiff beam between the RBS is modeled by increasing the thickness of
the flanges and webs to be 10 times thicker than for the actual beam. The RBS segments
remained at their actual thickness and unconstrained. This allows the rigid-body motions of the
beams (translations and rotations) and development of plastic hinges at the RBS connections. As
before, pushover displacements were applied. figure 4-16 shows resulting displacement and
deformed shape of the RB model, where plastic hinges occurred at the RBS connections and the
beams between the RBS rotated but remained almost parallel (i.e., with less than 0.2° difference)
through their rigid-body-motions. Total uniform strip elongation &, for the 2.6 mm thick infill

plate for each monitored strain is plotted in figure 4-17.

It can be observed from the figure 4-17 that STRIPs 2 and 3 elongated by almost the same
amount reaching 2.75 and 2.69%, respectively, at 20% maximum principal local strain, while
STRIPs 1 and 4 only reached elongation of 2.59 and 2.34%, respectively. This could be attributed
to the “kink” that occurred at the RBS connections that are the reference points from which the
STRIPs 1 and 4 axial deformations are measured. In this case, the absolute axial elongations of
STRIPs 1 to 4 are 56.7, 60.0, 58.6., 51.3 mm, respectively. At lower monitored strain (i.e.,

&max = 5%), however, the difference was significantly less since the RBS connections are not
severely yielded. Nevertheless, the STRIPs 2 and 3 elongations are yet 8% and 11% lower than
that the individual strip, respectively, at the monitored strain &nax = 10%. The effect of mesh size
was again investigated as one possible reason for the observed difference in elongation between
strips. Further analysis, however, did not confirm this hypothesis. The use of a refined mesh with
the infill plate modeled with 12.5 x 12.5 mm shell elements near the boundary elements and on
average 7.5 x 7.5 mm shell elements adjacent to the perforations (with a total of 108819 elements
this model was seven times more computationally intensive) insignificantly changed the results

presented in figure 4-17.

To investigate the possible reason for some of the difference in elongation between strips, as well

as the lower elongation for the SPSW strip compared to the individual strip results obtained in
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FIGURE 4-16 Defor med Shape of RB Model (a) Parallel Deflection at Top and Bottom
Beam (Defor med Shape Scale Factor = 5.0); (b) Infill Plate Defor mation Shaped
(Deformation Scale Factor = 2.0)
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FIGURE 4-16 Deformed Shape of RB Model — Cont’d (c) Front View; (d) Rear View
(Deformation Scale Factor = 1.0)
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FIGURE 4-17 Uniform Distributed Strip Axial Strain &, at each Monitored Strip
L ocation (RB Model, Fine Mesh, t, = 2.6 mm, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis

Section 3, close attention was paid to the location of maximum principal local strain. Figure 4-18
presents in-plane principal maximum stress contours, strain contours and strain tensor fields at
20% monitored strain. As shown in the figure 4-18(b), larger strains developed in one of the edge
strips compared to any value anywhere else on the plate. In fact, when the 20% maximum
principal local strain occurred at the “edge” strip (STRIP R), the “full-length” strips only reached
17.2%, 16.1%, 16.7, and 18.4% strain for STRIPs 1 to 4, respectively. Note that in all cases
considered so far, all results were plotted when the target maximum principal local strain was
reached at one single location anywhere in the SPSW infill plate, irrespective of where that
maximum value was located. It was therefore decided to continue the pushover analysis of the
SPSW until one of the “full” strips reached 20% strain next to a perforation. This led to
corresponding strip elongations of 2.89, 3.12, 3.06, and 2.60% for the same respective strips as

shown in figure 4-19. This provides a better match between the SPSW strip results and that of
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FIGURE 4-18 Perforated Panel Analysis Resultsat 20% Maximum Local Strain of
RB Model, Fine Mesh, t, = 2.6 mm, D = 200 mm, D/Syiag = 0.471 (a) Maximum In-Plane
Principal Stress Contours

individual strips, but still does not fully explain the relative difference in results between the
various strips in the SPSW (other than what was discussed earlier). It is not clear either why the
maximum strain occurs in an edge strip, but it is speculated to be due to some combination of
biaxial stress condition due to constraints at the corner of the plate. Elongation of the RBS flange,
compounded with the infill plate elongation, and possibly some artifact due to the rigid beam
modeling next to the RBS, may all contribute to this “corner effect”. A detailed study of this
localized phenomenon is beyond the scope of this study. However, from here on in this study,
results in figure 4-17 are used and the 15% differences between individual strip results are

considered acceptable for all practical purposes.
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FIGURE 4-18 Perforated Panel Analysis Results at 20% Maximum Local Strain of
RB Model, Fine Mesh, t, = 2.6 mm, D = 200 mm, D/Syiag = 0.471; (b) Maximum In-Plane
Principal Strain (c) Strain Tensor Field
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FIGURE 4-19 Uniform Distributed Strip Axial Strain &, at each Monitored Strip L ocation
(Extended RB Model, Fine Mesh, t, = 2.6 mm, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis

4.6 Behavior of Perforated SPSW of Various Infill Plate Thicknesses

To examine the effect of relative thickness in perforated SPSW, the three analyzed models were
re-analyzed using several different infill plate thicknesses from 1 to 5 mm. The results were
monitored for the same strain limit states, and the total uniform strip elongation &, was measured
at the STRIP 2 for the FLTB and RB models. For the RF model, the Equivalent strip elongation
was calculated from (4-2), chosen for expediency, which for this model is similar to the actual

SPSW strip elongations.

4.6.1 Flexible Beam Laterally Braced (FLTB) Model

Figure 4-20 presents the total uniform strip elongation €, for several different infill plate

thicknesses. The results of the FLTB show that strip elongation did not fluctuate much as the
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FIGURE 4-20 Uniform Distributed Strip Axial Strain &, Measured at STRIP 2 for
Various Infill Plate Thickness (FLTB Model, Fine Mesh, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis

infill plate thickness changed from 1 mm to 5 mm. For example, at &nax= 20%, the 2.6 mm and 5
mm panel elongated 2.79% and 3.06%, respectively, and the difference between the two is only
10%. Moreover, the panel with infill thickness from 1.5 mm to 4 mm apparently matched the
individual strip results. However, that later observation is not necessary true for all strips in light

of the results plotted in figure 4-9 where every strip reached a different strip elongation.

4.6.2 Rigid Floor (RF) Mode

Figure 4-21 presents the total uniform strip elongation &, for several different infill plate
thicknesses. The results of the RF model show that, except for relatively thin plates (i.e. smaller
than 1.5 mm here), strip elongation or frame drift was not much affected by the infill plate

thickness. For example, at &max = 20%, the 2 mm and 5 mm thickness panel elongated 2.93% and

104



35
€max = 20%
3.0 x——————————— —_—
2 T T
< -A
@ 25
c
2
g | _ a8 _-_--® - _-® __ _ _ _ _ _ _ Emax = LSCV_O
S 20 T m
o TTe-ol
I R
g=
n 1.5
g ..... ’. il P . Guinininbeiini Jiebelelia ?=\ ............. e.mé‘x-:.l.o?/o.
2
S 10- G
g
o — o
= 05 g X = €max = 5%
me - o
R P -~ ° ___ e Emax = 1%
R I ——— °
0.0
Wall t=5 4 3 2.6 2.0 15 1.0 mm

FIGURE 4-21 Equivalent Uniform Distributed Strip Axial Strain &, for VariousInfill
Plate Thickness (RF Model, Fine Mesh, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis

3.00%, respectively (corresponding to a frame drift of 5.86% and 6.00%, respectively). For
comparison, the 1 mm thickness panel reached the same monitored strain earlier at 2.78% strip

elongation (or 5.56% frame drift), which is 8% less.

Observation of the strain contours revealed why the relatively thin plates reached a certain
maximum principal local strain earlier than the thicker plates. The location in the plate where the
20% maximum principal local strain occurred for the various infill plate thicknesses considered is
marked in figure 4-22. These locations for the thicker plates, t, = 2 mm, occurred in one of the
“full-length” strips, while it occurred in an “edge” strip for the thinner plates. Note that for the
latter case, for the 1 mm thickness panel, the maximum strain in STRIPs 1 to 4 is 16.4, 18.2, 17.9,

and 16.3%, respectively. As was done previously for the RB model, the pushover displacement
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analysis could be continued until one of the “full-length” strips reached 20% strain which would
give larger system strip elongations (and frame drifts) for the SPSW with thinner plates. When
20% monitored strain occurred at the STRIP 2, the strip elongated 3.04% (corresponding to a
frame drift of 6.08%).

Berman and Bruneau (2003) investigated the use of plastic analysis as an alternative for the
design of SPSW. The researchers developed the base shear equation using kinematic collapse
mechanism. In this mechanism, for a given drift, every strip in the infill plate would reach the
same local strain. However, the results here did not confirm the same fact; the local strain was
higher next to a corner. Three reasons could partly explain this phenomenon. First, there seems to
be some local effect developing at the “edge” strip that is not explained further as part of scope of
this study. Note that the difference between “edge” and “full” strip behavior is small of little
significance in light of other assumptions made. Second, the “kink™ that occurs at the columns as
a result of plastic hinging there may have an impact both on the aforementioned local effect, and

in creating unequal strip elongations. Third, nodes in the infill plate close to the RBS connections
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elongated more than along the rest of the beam and are thus subjected to large strains in more

than one direction.

4.6.3 Rigid Beam (RB) Model

The total uniform strip elongation &, for several different infill plate thicknesses is plotted in
figure 4-23 for the RB model. The results in the figure show that strip elongation did not fluctuate
as the infill plate thickness changed from 1 mm to 5 mm, as also observed for the other two
models. For example, at &max = 20%, the 1.5 mm and 5 mm panel elongated 2.54% and 2.84%,

respectively, and the difference between the two is only 12%.
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FIGURE 4-23 Equivalent Uniform Distributed Strip Axial Strain &, for Various Infill
Plate Thickness (RB Model, Fine Mesh, D = 200 mm, D/Syiag = 0.471);
Lines Correspond to Individual Strip Analysis
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4.7 Effectsof Perforation Ratios and Number of Perforations

To examine the effect of perforation ratios and number of perforations, a series of SPSW using
the three analyzed models with several panel perforation diameter D = 50, 100, 150, 200, 250,
and 300 mm was developed and analyzed. This data set allows observation of the trends in SPSW
behavior compared to the individual strip results plotted in figure 3.10. Note that the total
uniform strip elongation &, presented here were also measured at the same location previously
described in Section 4.6, at the STRIP 2 for the FLTB and RB models and using (4-2) for the RF

model.

4.7.1 FlexibleBeam Laterally Braced (FLTB) Model

Figure 4-24 shows the results for the FLTB model with refined mesh for STRIP 2. The strip
elongation reached 1.12, 1.73, 2.06, 2.18, 2.27, and 1.97% when the maximum local strain
reached 15% maximum principal local strain, and 1.79, 2.46, 2.87, 3.05, 3.17, and 2.67% when
the maximum principal local strain reached 20% for the respective perforation diameters of 50,
100, 150, 200, 250, and 300 mm. Some differences between the SPSW panel strips and the
individual strips results are observed at 15 and 20% monitored strain for smaller perforation
diameters (i.e., 50, 100, and 150 mm). For example at 20% monitored strain and 100 mm
perforation diameter, the differences between the two are as much as 23%. Some variation in
those results is expected for the other strips of the FLTB model, consistently with the trends
shown in figure 4-9. Note that the results presented here are obtained from the perforated SPSW
having infill plate of 2.6 mm thick. When using infill plate of 5 mm thick for the perforation

diameter of 200 mm as in Section 4.5.1, a 10% difference was observed at 20% monitored strain.

4.7.2 Rigid Floor (RF) Mode

Figure 4-25 shows the results for the RF model with refined mesh. Note that since strip

elongation can be related to frame drift using (4-2), both strip elongation and frame drift are given
on the left and right vertical axes, respectively. For example, to illustrate interpretation of the
results, it can be seen in the figure that to reach a 15% maximum principal local strain, the frame
has to achieve 2.21, 3.02, 3.78, 4.29, 4.73, and 3.78% drifts, and the strip reached 1.11, 1.51, 1.89,
2.15,2.37, 1.89% elongations for the same respective perforation diameters. As described in

Section 4.5.2, the RF model having perforated panel with the 200 mm diameter holes matched
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(FLTB Model, FineMesh, t, = 2.6 mm)

well the individual strip model results; figure 4-25 further confirms the same result for various
perforation ratios. Some insignificant differences occurred at the smaller perforation ratio
D/Sgiag = 0.118 and 0.236 (which correspond to D = 50 mm and 100 mm, respectively) at the 5

and 10% monitored strain levels.

4.7.3 Rigid Beam (RB) Model

Figure 4-26 shows the results for the RB model with refined mesh. For the same selected cases
considered previously, the strip elongated 1.15, 1.52, 1.85, 1.96, 2.11, and 1.87% to reach a 15%
maximum principal local strain, and 1.75, 2.26, 2.65, 2.75, 2.96, and 2.60% to reach a 20%
maximum principal local strain for the same respective perforation diameters. Note that (4-2),
which relates strip elongation to frame drift, is not valid for the RB model. Though some

differences between the SPSW panel strips and the individual strip results are observed at the
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20% monitored strain, at lower monitored strain however the two models are in a good agreement.

A less than 15% difference is observed and considered acceptable.
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FIGURE 4-25 Uniform Distributed Strip Axial Strain &, versus Perforation Ratio D/Sqiag
(RF Modél, Fine Mesh, t, = 2.6 mm)

4.7.4 Discussion on the 300 mm Perforation Diameter

No substantial efforts were invested to investigate why for all models considered, the results for
the case with 300 mm perforations (D/Syag = 0.707) were consistently different from the
individual strip results at all monitored strains. As shown in figure 4-27, strain contours show that
the zones of yielding propagate more directly from hole to hole instead of radiating out more
broadly from the perforation edges in 45° angles as observed for the typical strain distributions
plotted in the figures 4-11, 4-15, and 4-18 for the FLTB, RF and RB model, respectively.
However, strain contours of the individual strip at the same perforation ratio shown in figure 4-28
exhibited the same yielding pattern so the match between the results should be better. The
difference might be attributable to a “corner effect” of the type previously described and possibly
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magnified as the size of holes become relatively more significant. However, a more detailed
investigation of this particular case is beyond the scope of this study. For this reason, in designing
a perforated SPSW, it is recommended at this time to limit the perforation ratio D/Sjiag < 0.6 (i.c.
the range over which good match in results was obtained) which is a range that should

accommodate most practical needs.

For completeness of understanding the effect of perforation ratios and number of perforations, the
normalized strip elongations of all models are also plotted in figures 4-29 to 4-31. This can be
done by dividing the total uniform elongation &, by the ratio N, -D/L as also performed in

Section 3. In this case too, the results for the SPSW panel strips and individual strips are in good

agreement, for all models considered.
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FIGURE 4-27 Maximum In-Plane Principal Strain of RF Model at 20% Maximum L ocal
Strain, FineMesh, t, = 2.6 mm, D = 300 mm, D/Sjiag = 0.707

FIGURE 4-28 Maximum In-Plane Principal Strain of Strip Model at 20% Maximum L ocal
Strain D = 280 mm, D/Sgiag = 0.700
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4.8 Panel Strength Design Equation

Roberts and Sabouri-Ghomi (1992) proposed the following equation to approximate the strength
of a perforated panel

D
Voot = {1 - E} Vi (4-3)

where Vyppert and Vyp are the strength of a perforated and solid panel specimen, respectively. D is
the perforation diameter, and d is the panel depth. However, Vian (2005) found the equation to
provide a conservative estimate of the strength of perforated panels of the type considered here,
provided that d in (4-3) is replaced by Siiag. The proposed equation was developed from a single
holed panel. The objective of this section is to re-assess the applicability of (4-3) for SPSW
panels having multiple perforations taking into account the refinements in analysis considered in
this study. For this purpose, the series of perforated wall models previously considered in

Section 4.7 was again observed. For comparison purposes, a SPSW having a solid infill panel
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was also analyzed. Results and discussion are only presented for the last two models considered:

the RF model is presented first, followed by the RB model.

4.8.1 Rigid Floor (RF) Modd

For the purpose of the following calculations, the overall shear strength Vy of a wall was taken by
summing the horizontal reaction in horizontal direction at the two hinged base. Figure 4-32
shows results from the pushover analyses for all SPSW considered (a) as a function of maximum
principal local strain &max (occurring anywhere in the infill plate) and (b) as a function of frame

drift 7

In figure 4-32(a), the overall shear strength of the perforated panels Vyp pert gradually increase as
maximum principal local strain &max also increase. This behavior is consistent with the observed
the stress-strain contour for the perforated walls, as shown in figure 4-15. Localized stress and
strain concentrations at edges adjacent to the perforations develop as soon as lateral drifts are
applied to the frame. These localized strains account for the rapid development of a difference
between the strength curves for the solid and perforated panels, even at low magnitude of strains.
Note that for the SPSW with solid panel, stresses and strains are distributed almost uniformly to
the entire wall and the monitored strain considered in this case occurred close to the RBS
connections. On the other hand in figure 4-32(b), pushover curve for all systems considered
smoothly increase both in overall shear strength Vy and frame drift y with progressively larger

differences as the relative magnitude of perforations increase.

To study the applicability of (4-3) to perforated walls, the overall strength of each perforated
model Vyppert Was reported when the maximum principal local strain &nax reached values of 1, 5,
10, 15 and 20%, and compared to the corresponding overall strength of the solid panel Vj at the
same €max rate. The resulting ratio Vyp pert /Vyp is plotted in figure 4-33 as a function of the
perforation ratio D/Sjiag, together with the ratios calculated using (4-3). In addition, these results
are also presented by comparing the ratios of the actual value obtained from the finite element
analysis results divided by the value predicted by (4-3). This ratio of actual-to-predicted results is

denoted as 77 and shown in figure 4-34.
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These two figures show that for small perforation ratio and lower maximum principal local strain
values, the actual values obtained from finite element analysis can deviates significantly from the
predicted value, with values of 77 as low as 0.63 for some of the cases considered. Better matches
are obtained as 7= 1.00 at higher maximum principal local strain (&nax equal to 10, 15, and 20%)
for the same small perforation ratios. However, as the perforation diameter increase, so does 7,

with value of 77 as high as 2.6 for the largest perforation ratio considered.

It may be more appropriate and rational, instead of comparing the overall shear strength of the
SPSW (which includes infill plate and boundary elements), to compare only the infill plate shear
strength. For this reason, a bare frame model consisting of only the boundary elements was

developed and analyzed. By assuming that the SPSW overall strength can be approximated by
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the summation of the bare frame and the infill plate strengths, it is possible to estimate the infill
plate strength by subtraction of the bare frame strength from the total SPSW strength. Note that
this is an approximation given that this approach does not satisfy the compatibility of
deformations at the frame and plate interface for the SPSW versus bare frame system. These
revised values so obtained are plotted in figures 4-35 and 4-36 in the same format as before.
These two figures show a pattern of behavior similar to the previous one, but with different
magnitudes for 1 as a function of the perforation ratios, and with a reversal of the relationship of
1 as a function of the monitored strain (for example, larger values of 1 occurring at the smaller

&max 1n figure 4-36, whereas smaller values of 77 occurring at that strain in figure 4-34).
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The above results show some challenges in using (4-3) on the basis of a specified maximum
principal local strain. One particular problem is that panels with different perforation diameter
reach particular maximum principal local strain (i.e., &max = 20%) at different drifts. In subtracting
the bare frame strength from the full SPSW strength, this can only be done at the same drift value
which creates the need to adapt the results obtained in terms of &max. For this reason, probably,

establishing applicability of (4-3) based on a strain criteria does not work well.

To overcome this situation, a drift approach is used instead. In this case, overall strength of each
perforated model Vyp pert Was reported when the frame drift 7 reached values of 1 to 5% and then
compared to the corresponding overall strength of the solid panel Vi, at the same frame drift y
rate. The ratio Viyppert /Vyp and the ratio of actual-to-predicted values versus perforation ratio
D/Siag are again plotted in figure 4-37 and 4-38, respectively. In this case, very consistent and
systematic trends were observed. For all value of drifts considered, for small perforation ratio,
values of 77 started at 1.12 and increased parabolically as a function of perforation ratio, up to

n = 2.78 for the cases considered. Visual extrapolation also seems to indicate a smooth

convergence to 7=1.0 at D= 0.

In reviewing figure 4-37, one might question why only such a small reduction in SPSW strength
occurs for a wall with 300 mm diameter perforation in the panel compared to the solid SPSW
strength; for example, when the frame has drifted 5%, the reduction between the two is only
18.2%, or as much as 950 kN from a total of 5204 kN. This could be answered by considering the
strength contribution from each component in a SPSW. As perforation diameters increase, the
contribution of the infill plate to the total SPSW strength decreases while boundary frame
strength almost remains the same (since the same boundary frame is used for all cases
considered). For example comparing the SPSW with solid panel to the perforated SPSW with
300 mm diameter holes in the panel, the infill plates contribute 36% (1768 kN) and 21%

(858 kN), respectively, to the SPSW overall strength; strength of the bare frame contributes in a
significant portion to total strength. As such, it is again more appropriate to compare instead the
relative strength of only the infill plates in the cases considered. In this case, since the
comparison is made at equal drifts, it is more straightforward to subtract the bare frame strength

from the total SPSW strength at the same drift reference for all models.
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Figures 4-39 and 4-40 show the results from that operation: in this case, the actual strength
obtained from finite element analysis is always larger than the value predicted by (4-3). At 50 and
300 mm perforated panel, the actual value deviates 10% and 66% from the predicted value,
respectively. As shown in figure 4-39, the infill plate strength of SPSW with the 300 mm
perforated panel (with D/Sjiag = 0.707) on average lost 51.5% strength compared to that of the
solid panel (with Vyp pert /Vyp = 0.485).

4.8.2 Rigid Beam (RB) Model

Results obtained using the RB model exhibited the same behavior as the RF model. The pushover
curves of RB model are plotted in figure 4-41 for the same respective variables. Figures 4-42 to
4-45 used to examine the applicability of (4-3) are plotted only in terms of drift. From figures
4-42 and 4-43, for small perforation ratio, values of 1 started at 1.12 and increased parabolically
as a function of perforation ratio, up to 77 = 2.55 for the case considered. A smooth convergence,
visual extrapolation, to 7= 0 at D = 0 are also observed. When the frame has drifted 5%, the
strength of SPSW with 300 mm diameter perforation in the panel reduced as much as 717 kN (or
25.2%) from the solid panel strength of 2714 kN. In addition, observing only the infill plate
strength plotted in figures 4-44 and 4-45, the actual value of infill plate having 50 mm and

300 mm diameter perforation deviate 10% and 66% from the predicted values, respectively. As
shown in figure 4-44, the infill plate strength of SPSW with the 300 mm perforated panel on
average lost 51.5% strength compared to that of the solid panel. Observation in the RB model

confirmed the same results as in the RF model.
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4.8.3 Regression Analysis

From the two models considered, it can be observed that polynomial regression would provide
good correlation with the actual data in developing an equation to predict the strength of the
perforated infill plate. However, for simplicity, linear regression was applied on a new proposed

equation as follows:

D
Vyp.part = l:l - } Vip (4-4)

diag

where o 1s a proposed regression factor equal to 0.70. Equation (4-4) is only applicable to SPSW
having multiple perforations of the type and configuration considered here. This equation

acceptably matches, with a 5% deviation on average, the actual data series as shown in

figures 4-39 and 4-44.

4.9 Example

It is helpful to illustrate how frame drift correlated to the corresponding local maximum strain in
the infill plate for the system considered. Figure 4-46 shows this relationship between the two for
the RB system. In a design perspective, this figure also provides structural engineers some insight
of how high local strain in the infill plate relates to design drift and vise versa. In part (a) of that
figure, for a perforated SPSW plate limited to a certain elongation and for a given perforation
diameter, the corresponding frame drift can be predicted. In part (b), for a selected design drift
and for a given perforation diameter, local maximum strain in the infill plate can be determined.
Note that figure 4-46(a) actually somewhat is generated by summing the figure 4-41(b) and a

90-degree clockwise-rotation of figure 4-26 starting from perforation ratio D/Sjiag > 0.1.

In addition, the following example explains a design process on perforated SPSW. Assume that
the 4000 mm by 2000 mm building frame (used in this study) is designed to resist lateral shear
load Vyesign 0of 2300 kN. A572 Gr. 50 steel (Fy =345 MPa) is used for both boundary frame and
infill plate of 2.6 mm thick. The design objective is to determine how big the perforation
diameter should be used such that the frame drifts are less than 1% and maximum strain in the

infill plate are less than 20%.
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From simple plastic analysis, the strength of the bare frame (without infill plate) is given by
4-M,

V, = (—) 4-5
g H+ hhinge ( )

where My is the plastic moment of the W18X65 used for the beams, hhinge is the height between
the centerlines of floor hinge and bottom beam, and H is the frame story height between beam

centerlines. According to Thorburn and Kulak (1983), the strength of the infill plate is given by

V,==F, t, W, -sin2e (4-6)

1
P E'yp
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where Wpane 1s the width of infill panel between column flanges. The bare frame and infill plate
contributions to the strength of the SPSW system are Vys = 1055 kN and Vy, = 1593 kN,
respectively. Total system strength is therefore 2648 kN which is considerably higher than
required by the design and perforations on the infill plate are then added.
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FIGURE 4-46(b) Overall Shear Strength Vy versus Frame Drift yand Link to the
Corresponding Local Maximum Principal Strain &nax for RB Model

Assume that the perforation layout (used in this study) with 4 perforations along the strip length
and 300 mm center-to-center spacing along both the vertical and horizontal directions, or Syag of
424.26 mm are applied in the design. Therefore, perforation diameter needed to reduce the infill
plate shear strength can be calculated using (4-4) and obtained D = 130 mm. By plotting Vgesign of
2300 kN and D of 130 mm (or D/Sjiag = 0.31) into figure 4-46(b), frame drifts Y= 1.4% and

maximum strain €, = 7.5% are obtained.
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The results obtained do not satisfy the design objective where the frame drifts is higher than 1%.
One way to revise the design results is by changing the properties of the infill plate using smaller
perforation diameter, or by changing the number of perforation along the strip length per design
procedure specified by Vian (2005). Note that in this design example, the present of RBS

connections and uncertainty in steel material used are not considered.

4.10 Case Study on Element and Material Definitions

This study of perforated SPSW was also extended to examine the effects of different element and
material definitions in the model. In this case study, the S4 shell elements replaced the S4R shell
elements. The S4 shell element is a four-node doubly curve general-purpose shell element with
full integration. Despite of being more computationally expensive, the S4 shell elements should
give higher solution accuracy than the S4R shell elements and the objective here is to investigate
how significant this change affects the previous results. In this study, the refined RF model with
200 mm diameter perforations and 2.6 mm infill plate thickness is used. The results are compared

in table 4-2.

TABLE 4-2 Result Comparison of Modelsusing $4 and $4R Shell Elements when Frame
Reached 3% Drifts

L Number of L CPU Time
M odel® Smax (MPa) | Emax (%) | RF11® (kN)
Elements (hh:mm:ss)
S4 27099 455.53 11.70 4530.99 05:48:15
S4R 27099 455.53 10.66 4522.73 01:40:17

Note: " The RF model: Fine Mesh, D =200 mm, t, = 2.6 mm
? Total shear strength of the model

Table 4-2 presents the maximum in plane principal stress (Smax) and strain (Ep,x), and total shear
strength of the model (RF11) when the frame experienced 3% drift. The stress and strain are

monitored at the location where maximum value occurred. Point C from figure 4-22 is selected in
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this case. The monitored values of both models analyzed are close to each other, for example, the
strain values at 3% drifts are 11.70% and 10.66% for the model with S4 and S4R shell elements,
respectively. The total shear strengths at 3% drifts are 4530.00 kN and 4522.73 kN for the same
respective models. However, the relative CPU time to run the model with S4 shell elements is
roughly four times longer than that with the S4R shell elements. On this basis, the use of S4R

elements is justified.

A second case study was conducted to further investigate the impact of material definitions. Here,
the cyclic stabilized backbone stress-strain model of A572 Gr. 50 steel (Kauffmann et al. 2001)
in the infill plate was used to replace the idealized tri-linear stress-strain model to better
understand the discrepancy in the results of Vian (2005) between complete SPSW and individual
strips results. The RF model with 200 mm diameter perforation and 2.6 mm panel thickness is
used in this study and the results are compared in figure 4-47. The figure presents the total strip
elongation for material idealizations considered. Recall that the five horizontal lines for each
monitored strain represent the results of the individual perforated strip analysis presented in
Section 3 at perforation ratio D/Sjiag of 0.471. The results for the complete SPSW with the RF
model are labeled RF Model in figure 4-47, reporting the results from figure 4-13. The idealized
tri-linear stress-strain model was used for this model and the strip model and a good agreement is
obtained (as was reported in Section 4.5.2) For comparison, the results of the complete SPSW
and the individual perforated strip analyzed using the cyclic stabilized backbone stress-strain
model are plotted in figure 4-47 and labeled Kauffman and Kauff.Strip, respectively. The total
strip elongation reached at each maximum target strain dropped significantly compare to the
previous results using the idealized tri-linear stress-strain model. This phenomenon was also
reported by Vian (2005) who used the idealized tri-linear stress-strain model on the individual
perforated strip and the cyclic stabilized backbone stress-strain model on the complete SPSW.
The results reported by Vian (2005) are also plotted in the figure and labeled Vian Wall and Vian
Strip for the complete SPSW and the individual perforated strip, respectively. The results

presented in

Figure 4-47 explain the discrepancy in results obtained by Vian (2005) for the wall and strip. In

addition, this study demonstrated that the strip model is a good predictor in modeling the
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behavior of a complete SPSW. The unidirectional idealized tri-linear stress-strain model is an
appropriate modeling for the infill plate, which can only yield in tension, and immediately

buckles in compression.
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4.11 Design Recommendations and Consider ations

Design recommendations for perforated SPSW are suggested below as an improvement to the
recommendations by Vian (2005).
1. The individual strip analysis can predict the behavior of perforation SPSW provided the
hole diameter is less than 60% of the strip width. On that basis, the perforation ratio of
SPSW should be limited to D/Sjiag < 0.6.
2. The shear strength of perforated infill plate for SPSW of the type considered here (i.e.,

having multiple regular perforations) is given as:
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D
Vip.pat = {1 - } Vi (4-7)

diag

where o is a proposed correction equal to 0.70.

For panel strength calculated on that basis, the full shear strength of the complete SPSW
is obtained by adding to this value the strength of the boundary frame without the infill.

4.12 Summary

A series of SPSW having perforated panels with variation in perforation diameter, infill plate
thickness, material properties idealization, and element definitions has been numerically analyzed
using the finite element program ABAQUS/Standard. The objective of this analysis was to verify
the accuracy of results obtained from finite element analysis of individual perforated strips to
predict the strength of SPSW by summing the strength of “simpler” individual strips (as has been
widely used in designing SPSW). Specific finite element features to capture the complete SPSW
behavior were described. Among them were geometry modeling and mesh algorithm, element
definitions, initial imperfection, boundary conditions, non-linear stability, and lateral support to
prevent lateral torsional buckling. Several finite element models were considered in investigating
the behavior of the SPSW. Good agreement in overall behavior between the three models
considered and the individual strip model was observed. The applicability of the equation
proposed by previous researchers to approximate the strength of a perforated panel was also re-

assessed. Some recommendations were proposed to help design perforated SPSW.
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SECTION 5

ADDITIONAL OBSERVATIONS AND DESIGN CONSIDERATIONS FOR
CUTOUT CORNER STEEL PLATE SHEAR WALLS

5.1 General

Cutout corner SPSW is another option to accommodate the passage of utilities through the infill
plate. This system can also be expected to provide strength and stiffness similar to a solid panel
SPSW. Vian (2005) conducted analytical and experimental work on cutout corner SPSW with
flat-plate reinforcement along the cutout edges and using a relatively thin fish plate to connect the
infill plate to the surrounding boundary frames and to the flat-plate reinforcement. The fish plate
usually is not included in finite element models (and neither was in the work by Vian 2005)
because a relatively thin fish plate would not significantly affects the analysis results in regular
SPSW due to its significant contribution to the large moment of inertia of the beams and columns.
This observation was already reported by Driver €t al. (1997). However, for cutout corner SPSW,
potential significant effects might occur if a relatively stiffer and stronger fish plate is provided to
the “arching” flat-plate reinforcement along the cutout edges. The additional fish plate would
considerably increase the strength and stiffness of the flat-plate reinforcement. As such, one may
question whether the fish plate along the flat-plate reinforcement should be modeled. How the
fish plate on the flat-plate reinforcement would affect the global behavior of SPSW as well as the
local behavior of the arch still needs to be determined. The simplest way to provide the needed
fish plate along the cutout corner is to reinforce it using a WT section (instead of a flat plate),
with the web of the WT section serving as the fish plate. Due to availability of WT shape, once
the needed flange is selected per the procedure described by Vian (2005), limited choices of
corresponding webs are available. The web plate could be larger or thicker than needed solely for

the purpose of fish plate. This makes the previous question even more relevant.

This section, intended to be an extension of Vian’s work, describes analytical work using finite
element analysis of cutout corner SPSW with T-section reinforcement modeled by adding a
stiffener to the designed flat-plate reinforcement. Finite element considerations of the two

systems are only briefly discussed, as most of the finite element features for the perforated SPSW
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previously described in Section 4 are also applicable here. The behavior of the two systems is
observed and compared. Finally, some additional considerations for cutout corner SPSW are

presented.

5.2 Finite Element Description of the Two Cutout Corner SPSW

In this section, two cutout corner SPSW models are analyzed using the finite element software
ABAQUS/Standard. The first specimen is similar to that investigated by Vian (2005) as shown in
figure 2-19. The boundary frame members, the RBS connections, and the hinges located 850 mm
below the intersection of the column and lower beam working lines are the same as for the
perforated specimen discussed in Section 4. Quarter-circle cutouts of 500 mm radius in the upper
corners of the infill plate and 160 mm by 19 mm flat-plate reinforcement along the cutout edges
were implemented. A fish plate of 45 mm by 6 mm was added to facilitate attachment of the infill
plate to the flat-plate reinforcement and to the surrounding frame. The second specimen has
T-section reinforcement along the cutout edges; its model is built by adding a 160 mm by 12 mm
plate perpendicularly to the previous flat-plate reinforcement. Note that this stiffener dimension
was chosen such that the T-section dimensions approximate the available WT sections listed in
the American Institute of Steel Construction (AISC) manual (here corresponding to a WT6X17.5,
chosen for expediency). To distinguish the two models considered here, they are labeled CR and

CR-T, respectively.

For the finite element models, the thin fish plates are not included in the CR model and the infill
plate is connected directly to the flat-plate reinforcement along the cutout corners and
surrounding frames. For the CR-T model, the relatively thick web plate of the T-section along the
cutout edges is modeled together with the arch plate. Note that in the case of CR-T model, the

fish plates along the beams and columns are not included.

In developing the finite element models of the described specimens, all the procedures described
in Sections 4.2 to 4.4 were repeated. In the Part collection mentioned in Section 4.2.1, the
perforated infill plate was replaced by a solid plate with cutout corners, and the cutout edges

reinforcement was modeled as a new part. Note that the web of the T-section used as cutout
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edges reinforcement was simpler to model directly as a Partition of the infill plate (adjacent to
the cutout corner) for a different thickness from the rest of the infill plate. Note also that to
accelerate the modeling process, the partition region is created in both the CR and CR-T finite
element model even though the CR model does not need it. Thickness of the partition region was
assigned to be 2.6 mm (equal to infill plate thickness) and 12 mm for the CR and CR-T model,
respectively. The various part collection are merged into one single model. The arch geometry of
the cutout edges reinforcement and the stiffener (the web of the T-section) were meshed using the
Swept Meshing Technique while other plate regions were meshed with the same technique
previously mentioned in Section 4.2.1. The boundary conditions of the RB model, described in
Section 4, were applied to both finite element models. The resulting finite element model

(i.e., for the CR model) with a maximum 25 x 25 mm shell elements is shown in figure 5-1 and
the first two eigenmodes of the model are plotted in figure 5-2. An initial imperfection amplitude
of 1 mm multiplied by the first eigenmodes (and decreasing in amplitude for the higher modes)

was chosen for the models analyzed in this section.

5.3 Observations on the Two Cutout Corner SPSW Models

Observations on the two models analyzed are presented in terms of global effects, such as frame
deformation and shear strength of the systems, as well as in terms of local effects adjacent to the
cutout corners, such as local buckling, stress distribution, and forces applied by the cutout edges

reinforcement to the beam and columns.

Deformed shapes at 4% frame drift for the CR and CR-T model are compared in figures 5-3 and
5-4 displayed from front and rear views, respectively. The deformed shapes of the two models are
generally similar except for some local effects at the right cutout corner. For the CR model, two
of the infill plate folds due to buckling end at the corner of the arch plate, while for the CR-T
model, the fold lines end at the corner of the stiffener (thus “spreading” the folds a little further
apart). No local buckling of the cutout edges reinforcement was observed for both models.
Maximum out-of-plane movement of the infill plate equals to 39.0 mm for both the CR and CR-T

model.
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FIGURE 5-1 Finite Element Model of the CR Specimen (Fine Mesh)
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FIGURE 5-2 Perforated Panel Buckling Mode (a) 1° Mode Shape; (b) 2" Mode Shape
(Deformation Scale Factor = 444.9)
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(b)

FIGURE 5-3 Front View of the Deformation Shape for the (a) CR Model; (b) CR-T Model
(At 4% Frame Drift, Deformation Scale Factor = 2.0)
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FIGURE 5-4 Rear View of the Deformation Shape for the (a) CR Model; (b) CR-T Model
(At 4% Frame Drift, Deformation Scale Factor = 2.0)
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In terms of diagonal displacement & (the term schematically shown in figure 5-5), the arch plate
for the CR model deformed 13.9 mm (arch tensioned) and —24.9 mm (arch compressed) for the
left (“opening”) corner and right (“closing”) corner, respectively. For the stiffened arch plate (i.e.,
the CR-T model), these diagonal displacements were reduced by as much as 28%, to 10.9 mm

and —19.4 mm at the same respective corners.

FIGURE 5-5 Deformed Configurations and Forces Acting on Right Arch (Vian 2005)

Figure 5-6 shows the shear strength results obtained from pushover analysis for the CR and CR-T
models as a function of frame drift y. For comparison purposes, the solid panel results observed
in the previous section are also included in the figure. Total shear strength of the CR model is
somewhat similar to that of the solid panel. For example, at 4% frame drift, the total shear
strength of the CR and the solid panel models are 2645 kN and 2695 kN, respectively.
Interestingly, the total shear strength of the CR-T model is 11% higher than that of the solid panel
model namely 2991 kN at 4% frame drift instead of 2695 kN for the solid panel. One possible
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reason for this increased strength could be that the arch with the T-section is stiff and strong
enough to strengthen the boundary frame by acting somehow as a “corner brace”. Note that the
corners “braced” the boundary frame at a point equal to about half of the infill plate high
(0.43Hpane to the end of the web plate), which is significant enough to have an impact on the

frame strength.
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FIGURE 5-6 Total Shear Strength Vy versus Frame Drift

Figures 5-7 and 5-8 show maximum in-plane principal stress contours for the CR and CR-T
models, respectively, when the frame experienced 4% drift. The stress distributions of the two
models are similar with yielding of the top flange of the right RBS connections and on the bottom
flange of the left RBS connections, uniform stress distribution on the beams and columns, and
stress on the infill plate divided into several zones of tension field action at approximately 45°

angles. Some differences are observed locally close to the cutout corners with stress
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concentration on the boundary frames for the CR-T model and different stress distribution along

the length of the arch plate (Larch) as plotted in figure 5-9.
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FIGURE 5-7 Maximum In-Plane Principal Stress Contours of CR Model (a) Isometric
View; (b) Detail of Left Plate Reinforcement; (c) Detail of Right Plate Reinforcement
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FIGURE 5-9 Stress Diagram along the Length of Plate Reinforcement (a) CR Model: Left
Corner; (b) CR Model: Right Corner; (¢) CR-T Model: Left Corner; (d) CR-T Model:
Right Corner

Although the stress fluctuation along the Lacn shown in figure 5-9 is different between the two
models, both models experienced relatively the same stress magnitude of 617 MPa at the tip of
the arch close to the boundary frame and 568 MPa at points close to Y4Larch or %L aren. This
corresponds to local forces acting on the boundary frame equal to +1875 kN (arch compressed)
and —1872 kN (arch tensioned) for the right (“closing”) and left (“opening”) corner, respectively.
The boundary frame of the CR-T model experienced an additional force from the stiffener of

— 600 kN (arch compressed) and 595 kN (arch tensioned).
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5.4 Design Recommendations and Considerations

Total shear strength of the cutout corner SPSW with reinforcement along the cutout edges was
higher by as much as 13% from that having flat-plate reinforcement for the case considered. The
additional stiffness and strength of the fish plate component of the T-section reinforcement

(160 mm by 12 mm) partly contributed to this increment by strengthening the “corner-brace”
effect on the frame. However, the shear strength of the infill plate was not significantly different
for both specimens considered. Therefore, it is acceptable, conservative, and recommended, in
the perspective of global behavior, that the infill plate with cutout corners be designed per the
design procedure specified by Vian (2005) for a solid infill plate.

While the stiffener (the web of the T-section) decreased the arch diagonal displacement dby as
much as 28%, it did not significantly improve the behavior of the cutout corners, as local
deformation and stress distribution remained relatively the same there. Based on these results, it
is recommended to design the cutout reinforcement only considering a flat plate arch (as
proposed by Vian 2005). However, given that a fish plate is needed along that cutout
reinforcement, the minimum fish plate needed is considered adequate to reinforce the cutout

edges.

Finally, the “corner-brace” action on the boundary frame could induce high tension/compression
forces from the cutout edges reinforcement to the beams and columns, and it is important to
consider the actual stiffness and strength of the cutout corner (with the T-section) to determine if

web stiffeners to prevent local buckling in the boundary frame.

5.5 Summary

Finite element models of the two cutout corner steel plate shear walls considered have been
analyzed using ABAQUS/Standard. The first model replicated the cutout corner SPSW specimen
tested by Vian (2005) with flat-plate reinforcement of 160 mm and 19 mm installed along the
cutout edges. The second model introduced an additional stiffener (160 mm by 12 mm)
perpendicular to the flat-plate reinforcement and formed reinforcement to the cutout edges. The

latter model was intended to study the effects of the additional stiffener on the behavior of cutout
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corner SPSW both in terms of global and local effects. The SPSW modeled considering the
T-section reinforcement exhibited a slightly higher strength. No significant difference between
the two models was observed in terms of frame deformations and stress distributions along the
cutout corner SPSW. Some local effects however were observed along the cutout corners in terms
of diagonal displacements and stress distributions along the length of the arches. Some

recommendations were proposed to help design cutout corner SPSW.
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SECTION 6
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 Summary

Analytical study using the finite element program ABAQUS/Standard was performed to
investigate the behavior of unstiffened thin SPSW having openings on the infill plate under
monotonic pushover displacement. To accommodate the passage of utilities, two designs
proposed by Vian (2005), namely the perforated and the cutout corner SPSW, are revisited to

investigate and resolve some concerns reported by Vian (2005).

As a sub-element that drives the behavior of the perforated infill plate of the type considered by
Vian (2005), individual perforated strips 2000 mm by 400 mm with 4 perforations along the strip
length and perforation diameters D ranging from 10 mm to 300 mm were first analyzed to
develop a fundamental understanding of the behavior of complete perforated SPSW. Using finite
element models of individual perforated strips having 100 mm diameter perforations, the effect of
mesh refinement on the convergence of solutions was investigated before evaluating various
perforated strip models with different perforation diameters, boundary conditions, and material
idealizations. The results were presented in terms of stress-strain distribution throughout the strip

section as well as in terms of global deformations.

After gaining this preliminary knowledge on the behavior of individual perforated strips, a series
of 4000 mm by 2000 mm one-story SPSW having multiple perforations on panels was then
considered, with variation in perforation diameter, boundary conditions, infill plate thickness,
material properties idealization, and element definition. The objective of this analysis was to
verify the accuracy of results obtained from finite element analysis of individual perforated strips
to predict the strength of complete SPSW by summing the strength of “simpler” individual strips.
Shell elements were used to model the infill plates as well as the boundary frame member webs
and flanges. Specific finite element features to capture the complete SPSW behavior were also

described. Among them were geometry modeling, element and material definitions, meshes size,
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initial imperfection, non-linear stability, boundary conditions, and lateral support to prevent
lateral torsional buckling. Good agreement in overall behavior between the three models
considered and the individual perforated strip model was observed. The applicability of the
equation proposed by previous researchers to approximate the strength of a perforated panel was

also re-assessed.

Two cutout corner SPSW models were investigated in this study. A first model replicated the
cutout corner SPSW specimen tested by Vian (2005) in which a flat-plate reinforcement was
introduced along the cutout edges (in that model, the fish plate added to facilitate attachment of
the infill plate to the plate-reinforcement and to the surrounding frame was neglected). A second
model considered had a T-section reinforcement along the cutout edges; this model was built by
adding a new plate perpendicularly to the previous flat-plate reinforcement. The latter model was
intended to study the effects of the additional stiffener on the behavior of cutout corner SPSW
both in terms of global and local effects. The SPSW model considering the T-section
reinforcement exhibited a slightly higher strength. No significant difference between the two
models was observed in terms of frame deformations and stress distributions along the cutout
corner SPSW. Some local effects however were observed adjacent to the cutout corner, in terms
of diagonal displacement of the cutout reinforcement plate and stress distribution along the length

of the plates.

Finally, some additional recommendations and considerations improving on those previously

made by Vian (2005) were proposed to help design perforated and cutout corner SPSW.

6.2 Conclusions

After generating a large number of analysis results capturing the key response parameters of
individual perforated strips using models having fine finite element mesh sizes, “smooth” curves
of total uniform strip elongation versus perforation ratio were obtained, improving those
previously developed by Vian (2005). It was also found that results on the behavior of individual
perforated strips can accurately predict the behavior of complete perforated SPSW provided the

holes diameter is less than 60% of the strip width. On that basis, if performance of complete
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SPSW systems is to be evaluated using simpler models, it is recommended that the ratio between
perforation diameter D and strip width Siiag be limited to D/Sjiag < 0.6. It was found that no
interaction exists between adjacent strips that could affect the stress distribution within an
individual strip, i.e., each strip in a SPSW behaves as an independent strip. Material properties
should duly model strain hardening to properly capture the spread of yielding in this system

needed to accommodate the drifts demands in perforated SPSW.

Shear strength of the infill plate in a perforated SPSW having multiple circular perforations
regularly spaced throughout the infill plate can be calculated by reducing the shear strength of the

plate in a solid panel SPSW by a factor (1 -o- D/ Stiag ), where a is a proposed correction factor

equal to 0.70. For panel strength calculated on that basis, the full shear strength of the complete
SPSW is obtained by adding to this value the strength of the boundary frame without the infill.

For both cutout corner SPSW considered, the shear strength of the infill plate was not
significantly different. Therefore, it is acceptable, conservative, and recommended, in the
perspective of global behavior, that the infill plate with cutout corners be designed per the design

procedure specified by Vian (2005) for a solid infill plate.

The global behavior of cutout corner SPSW having T-section reinforcement along the cutout
edges was not significantly different from that having flat-plate reinforcement. Some local effects
however were observed adjacent to the cutout corner. The flat-plate reinforcement along the
cutout edges (with a minimum fish plate) is considered adequate and sufficient to reinforce the
cutout edges. The “corner-brace” action on the boundary frame could induce high
tension/compression forces from the cutout edges reinforcement to the beams and columns. Web
stiffeners may be required to prevent web crippling, web buckling, and flange bending in the

boundary frame.

6.3 Recommendationsfor Future Resear ch

There are some cases where the strip elongation predicted by finite element analysis of an

individual perforated strip for a monitored maximum strain assumed to develop close to the
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perforation differs from that predicted by finite element analysis of a complete SPSW. When this
occurred, it was observed that the maximum strains in the full SPSW occurred either in the edge
strip, or near the RBS in the beam, or near the wall corners. These have commonly been called
“corner effect” here. There are currently no reasons to believe that this would detrimentally affect
the behavior of SPSW, but would nonetheless benefit from further studies. This difference should

be studied further to determine the influence of this “corner effect”.

The effect of beam flexibility on the reported results in absence of RBS in the beam should be
further investigated, as the beam flexibility might affect the relative elongation of adjacent strips
more significantly in those cases. Similarly, the presence of concrete slab should also be
considered (composite or partially-composite), as in this case, the relative elongation of adjacent
strips might be more similar. Furthermore, beam with semi-rigid and flexible connections deserve
further study (including how to develop simplified boundary conditions that capture the behavior

of these connections in finite element modeling).

Further experimental studies of SPSW having regular grade infill steels (e.g., ASTM A572 Gr. 50
or A36) would also allow to further verify that the proposed limit maximum strain of 20% is a
reasonable limit state for the behavior of the infill plate. A better understanding of the ultimate

limit state of the infill plate is desirable.

Finally, the design of cutout corners directly accounting for a WT reinforcement during the
design process might give strength, stiffness, and ultimate behavior comparable to the case where
the flat-plat reinforcement alone is used. Here, only the impact of having a thick fish plate

(through a thick WT web) has been investigated.
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