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This paper presents an analytical study to investigate the effect of providing perforations in
the infill plates of Steel Plate Shear Walls (SPSW) on their behavior in shear. The infill plates
were considered to be perforated with multiple circular holes that were distributed evenly
across the area of the plate. Perforations in the infill plates are used to reduce their shear
capacity by a certain degree to allow them to yield in the elastic range of the surrounding
boundary elements and hence guarantee a ductile behavior of the wall. That is without the
need to use thinner plates that might be practically impossible. A finite element model of a
SPSW panel was built and a parametric study was conducted to investigate the influence of
each of the parameters governing the shear behavior of the wall. The study results showed
that the shear capacity of SPSW can be reduced by the required degree if the infill plates of
the wall are perforated with circular holes. In most cases, the reduction in shear strength is
not accompanied by a major change in the overall deformation and ductility behavior of the
wall.
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1. Introduction

During the past three decades, Steel Plate
Shear Walls (SPSW) have gained a lot of
interest as a lateral load resisting system for
mid and high rise buildings. A steel plate
shear panel is simply a steel infill plate that is
surrounded by a column-beam system. This
panel is repeated in every story and therefore
serves (more or less) like a vertical cantilever
plate girder that resists the lateral forces. In
this system, the columns work as the top and
bottom flanges of the girder, while the story
beams function like its transverse stiffeners,
and the steel plate works like its web. Of
course, there are many differences between
SPSW and plate girders [1]. For example,
SPSW have very stiff boundary elements (the
columns and the beams) while the plate
girders flanges are typically plates with a little
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in-plane bending stiffness. Many studies [2-4]
have shown that a carefully designed SPSW
has many benefits over traditional lateral load
resisting systems such as braced frames.
SPSW are higher in strength and stiffness and
have better energy absorption capability.
Furthermore, SPSW have more stable
hysterics characteristics and they are better in
lateral force distribution compared with other
lateral force systems [4-5]. In comparative
studies [2, 3], it was demonstrated that the
overall cost of a building can be reduced
significantly if reinforced concrete walls are
replaced with SPSW. SPSWs are much lighter,
which ultimately reduces the loads on
columns and foundations and reduces the
seismic load. They are also significantly faster
to construct and hence the -construction
duration is reduced. Furthermore, increased
versatility and space-savings can be gained
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with the use of SPSW as a result of its smaller
cross-sections compared to  reinforced
concrete shear walls. In cold regions, steel
construction with SPSWs is more practical
and efficient than concrete construction that
is usually subjected to freeze-thaw cycles that
can result in durability problems. Another
benefit of the SPSW system is that it can be
used to retrofit or upgrade existing buildings,
which was reported by many researchers
6, 7]. ;
Several experimental and analytical
investigations are reported on the behavior
SPSW. Thorburn et al. [4] developed an
analytical method to describe the shear
resistance of a thin unstiffened SPSW. A
parametric study was conducted to investigate
the effect of panel dimensions, plate
thickness, and boundary element stiffness on
the behavior of SPSW. Timler and Kulak [8]
reported an experimental investigation to
verify the analytical method proposed by
Thorburn et al. [4]. Based on the results of
their investigations a modification to the
model proposed by Thorburn et al. [4] was
presented. Tromposch and Kulak [9] reported
. an experimental investigation on a one-storey,
two—panel specimen similar to that tested by
Timler and Kulak [8] except that the beam-to-
column connections were bolted and stiffer
columns and thinner infill plates were used.
The hysteretic behavior of the specimen was
investigated and compared with the analytical
model proposed by Thorburn et al. [4]. The
benefits of the post-buckling strength and the
relatively stable hysteresis characteristics of
unstiffened thin steel panels were clearly
demonstrated. Roberts and Sabouri-Ghomi
[10] conducted cyclic loading tests on small-
size slender unstiffened shear plate panels to
explore their load-displacement
characteristics. Some of these samples were
perforated (with a single hole at the center of
the infill plate). It was concluded that the wall
strength and stiffness decreases lin€arly as
the diameter of the hole increases. Elgaaly et
al. [11] developed a “truss” model based on the
model developed by Thorburn et al. [4] to
describe the shear resistance of unstiffened
SPSWs. Another truss model was also
employed to study the hysteretic behavior of
the SPSW_specimens. Driver et al. [12, 13]

performed tests on a large-scale four-storey

single bay steel plate shear wall specimen.
Their test results showed that a properly
designed steel plate shear wall system can
work as an excellent lateral load-resisting

system for seismic loading. Behbahanifard et-

al. [14] conducted an experimental and
numerical investigation on steel plate shear
walls and presented a parametric study to
identify the non-dimensional parameters
governing the behavior of a single panel steel
plate shear wall. Using plastic analysis theory
and the assumption of discrete strips to
represent the infill plate, Berman and
Bruneau [15] derived equations to calculate
the ultimate strength of single and multi-
storey steel plate shear walls with either
simple or rigid beam-to-column connections.
Kharrazi et al. [16, 17] proposed an analytical
model called the ~Modified Plate-Frame
Interaction (M-PFI) model to analyze the shear
and bending of ductile steel plate walls.

In early design methods, the limit state of
SPSW was governed by the out-of-plane
buckling of the infill plates [15]. Therefore,
designers had to use heavy stiffeners or very
thick plates, which was uneconomical.
However, earlier study [18] showed that
buckling does not necessarily represent the
limit of useful behavior of plates and there is a
considerable post-buckling strength in an
unstiffened shear panel. The post-buckling
tension field action of steel plate shear walls
can provide very considerable strength (several
times its elastic buckling strength), stiffness,
and ductility. In many cases, failure of
systems that are designed to prevent plate
buckling most likely occurs in the building
columns long before the plate develops a
fraction of its actual strength. In order to
avoid that, thinner plates must be used to
develop lower ultimate load capacity and
therefore fail before buckling occurs in the
boundary columns of the SPSW. However,
design equations [19] showed that the
thicknesses of the plate that are able to
achieve failure in the plate before failure of the
boundary columns are in many cases
unavailable or impractical, which may lead to
use thicker plates than needed for a given
design situation. That in turn will increase the
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sizes of the boundary members, as well as, the
foundation demands [17].

In order to solve this problem, there are
two ways to achieve failure in relatively thick
infill plates before failure of their boundary
columns:

1- The use of light-gauge cold-rolled and Low
Yield Strength (LYS) steel for the infill panels,
which is reported in a number of
investigations [6, 20].

2- The placement of a pattern of perforations
in the infill plates to reduce the strength and
stiffness of the panel by the desired amount
[20]. Placing holes or perforations in the SPSW
has another advantage of allowing utility
access through the wall.

The available data on the behavior of
perforated SPSW are very limited and not
enough to fully understand their behavior.
Therefore, the objective of this paper was to
investigate the effect of perforations in SPSW
on their ultimate shear capacity where the
infill plates were considered to be provided
with multiple circular holes. An analytical
model was built and a parametric study was
conducted to investigate the influence of each
of the parameters governing the shear
behavior of the wall.

V i

2. Analytical model
2.1. Description of the model

The SPSW system for the current study is
shown in fig. 1. The model represents an
interior panel of a multi storey SPSW. The
panel is bounded by two I-section columns
and two rigid elements that represent the
story beams. The reason of choosing the rigid
elements in lieu of actual beam sections is
that the tension fields generated at each two
adjacent story beams tend to counteract the
double curvatures expected in a beam in a
drifting frame. This assumption goes well with
the test results reported by Driver et al. [13],
Rezai [21], and Lopez et al. [22]. They showed
that the strains developed in the top and
bottom flanges of the storey beams are
relatively  small, indicating that the
contribution of flexural and axial stiffness of
the floor beams to the overall behavior of the
shear wall is relatively small and that the
shear wall system behaves more as a
cantilever wall than a frame.

QU

Fig. 1. Sketch of the perforated SPSW panel under investigation.
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Assuming a cantilever behavior, the
rotational flexibility of the lower floor beam of
an isolated panel in a multi-storey building
can be neglected with the top floor beam
allowed to rotate as a rigid body relative to the
lower floor beam. This allows each panel of a
multi-story shear wall to be analyzed
separately (panel-by-panel analysis) if the
effect of over-turning moments from the top
stories is considered in the analysis. Again,
assuming a cantilever behavior and
considering the SPSW system behaves like a
vertical plate girder, any overturning moment
is carried out by the flanges, i.e., the columns.
In this study, no overturning moment was
inspected and only pure shear was
considered.

The ABAQUS [23] finite element program
was used to build the model. Both the infill
plates and the boundary members, for all
models, were modeled using shell elements.
The element used was a general-purpose 4-
node doubly curved shell element with
reduced integration. This element accounts for
finite (large) membrane strains and arbitrary
large rotations. The standard steel (52) was
used for the boundary elements while the
standard steel (37) was used for the infill
plates. The material was assumed to be elastic
perfectly plastic. The selected models were
subjected to loading until the ultimate shear
capacity was reached. A displacement control
loading scheme was implemented rather than
loading control. The ultimate strength was
considered to have occurred when the drift of

the panel exceeds 2% of the story height [11,
24]. Fig. 2 shows the finite element model
built for the case with eight holes.

2.2. Method of analysis

The objective of the current analysis was
to investigate the behavior of SPSW under
quasi-static pushover loading conditions.
Therefore, the model was analyzed at first
using the static implicit method
(ABAQUS/Standard) [23]. Several nonlinear
solution techniques were tried in the analysis
that included the Newton-Raphson method,
the modified Riks method, and the dissipating
energy technique. Although very small loading
step values were considered (some were less
than 1E-8), the analysis failed to continue.
That was attributed to the fact that
formulation of the tension fields is always
accompanied by a dynamic displacement
snapping effect which occurs directly after
buckling of infill plate and happens as a result
of the load redistribution in the plate [5]. At a
certain load, the shear load is switched from
being resisted by both tension and
compression stresses in the plate to be
resisted by only tension stresses which known
as the point of "tension field formulation".
Therefore, serious convergence problems
occur at this loading point that do not allow
the program to trace the solution up to failure
and therefore the ABAQUS/Explicit was used
instead.

Fig. 2. The finite element model.
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The ABAQUS/Explicit [23] is a true
dynamic procedure originally developed to
model high-speed impact events in which
inertia plays a dominant role in the solution.
The quasi-static technique can be conducted
herein but the loading rate must be controlled
so that the effect of the inertial forces can be
neglected and therefore, the quasi-static
loading condition can be achieved. That was
done by first using ABAQUS/Standard module
to calculate the natural frequency of the
system and the corresponding period of the
lowest mode. Accordingly, the loading rate
required to obtain the proper static response
was defined. A loading duration that is
corresponding to ten times the period of the
lowest mode was considered to guarantee a
quasi-static condition when using the
ABAQUS/Explicit module. Another important
precaution when using the explicit module is
that the loading curve should be smooth
enough to prevent any sudden movements
that can cause stress waves that might result
in noisy or inaccurate solutions. ABAQUS has
a simple, built-in smooth step amplitude
curve that automatically creates smooth
loading curve. The program automatically
connects each of data pairs with curves whose
first and second derivatives are smooth and
whose values are zero at each of data points.
Since both of these derivatives are smooth, a
displacement loading can be applied with a
smooth step amplitude curve using only the
initial and final data points, and the
intervening motion will be smooth.

The stable time increment chosen by the
program during its running is defined by the
following equation

At=Le/Cd. (1)

Where (Le) is the minimum element length in
the model and Cd is the dilatational wave
speed of the material. The dilatational wave
speed for a linear elastic material with
Poisson’s ratio equal to zero is given by the
equation:

cd=\Elp. (2)

Where p is the material density and E is its
modulus of elasticity.

From the above equation, it is clear that
the minimum element size is controlling the
processing time and therefore the element size
was maintained as large as possible yet
without sacrificing the accuracy of the
solution.

In order to guarantee quasi-static
response, the various model energies were
monitored in the analysis. According to

ABAQUS/explicit module, the energy
equilibrium equation is as follows:
E_+ +E__+ & = =
1" Byt Bkpt Bpp™ By Brog ~ COPStAR
(3)

where E; is the internal energy (both elastic
and plastic strain energy), Ev is the energy
absorbed by viscous dissipation, Eke is the
kinetic energy, Erp is the energy absorbed by
frictional dissipation, Ew is the work of
external forces, and Ewtw is the total energy in
the system. If a simulation is quasi-static, the
work applied by the external forces is nearly
equal to the internal energy of the system. The
viscously dissipated energy is generally small.
Furthermore, the inertial forces are very
negligible in a quasi-static analysis and
therefore the kinetic energy of the system
becomes very small. As a general rule, the
kinetic energy of the deforming material
should not exceed a small fraction (typically
5% to 10%) of its internal energy throughout
most of the process [23]. Therefore, the ratio of
kinetic energy to internal energy of the system
was monitored during analysis to guarantee
the caliber of quasi-static analysis. Moreover,
each of the energies was monitored
independently to guarantee that there are no
oscillations values during the loading. That is
because smooth loading should result in
smooth energy results [23] otherwise the
assumption that the loading is quasi-static
might not be accurate.

Displacement controlled loading strategy
was implemented in the current analysis. The
shear load was obtained from the reactions of
the model base. It was preferred herein over a
load control strategy because the stiffness of
the system usually reduces significantly when
the load becomes near its ultimate load. That
means that a very small increment of load
results in a large displacement. In addition,
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applying a load in a load control scheme that
is larger than the capacity of the shear wall
will result in an unstable dynamic solution.

2.3. Geometric and initial imperfections

An initial imperfection in the infill plate
was considered in the current analysis. The
imperfections were considered to be
proportional to the fundamental buckling
mode of the SPSW. That was done by first
conducting an eigenvalue analysis in which
the elastic buckling loads and their
corresponding buckling modes were identified.
The buckling mode corresponding to the least
buckling load, i.e. the fundamental mode, was
used to modify the coordinates of all nodes by
an amplitude value. In the study done by
Behbahanifard et al. [14], it was reported that
the initial imperfection magnitude does not
have a major effect on the ultimate capacity of
the SPSW however it slightly affects the
stiffness of the system. It was reported that as
long as the imperfection magnitude is less

than 0.01./L.h, the effect is very small and

can be neglected, where L and h are the length
and the height of the shear wall panel,
respectively. Therefore, the maximum
amplitude of imperfection was set to a value
that was small enough to be less than

0.01L.h yet large enough to initiate
buckling.

2.4. Automation of analysis

In order to handle this large amount of
analysis runs, each finite element model was
first constructed and then a PYTHON [23]
script was written to automate the parameter
changes and analysis runs.

In each run, the following steps were
performed:

1- Modifying the  model
(dimensions, and perforations).
2- Running an eigenvalue analysis in order to
identify the fundamental buckling mode of the
model and saving the deformation results to a
temporary file.

parameters

3- Identifying the suitable loading rate from
the natural frequency analysis.

4- Applying the initial imperfection to the
model and the loading rate

5- Running the analysis

6- Extracting the results.

7- Checking the kinetic energy value and
shape and if it is suitable for quasi-static
solution. If not, the analysis is rerun but with
lower loading rate in order to maintain a
quasi-static behavior. Fig. 3 represents the
flowchart of the analysis procedures. In order
to handle this repetitive scheme, another
PYTHON script was implemented.

2.5. Verification of the model

The model results were compared with the
results of Vian and Bruneau [20] for a
perforated SPSW specimen. Their tested
specimen had a width of four meters and a
height of two meters. The infill plate was
formed of low yield steel that had a thickness
of 2.6 mm. The specimen had a beam-to-
column connection detail that included
reduced beam sections at each end. The
ABAQUS program was used to estimate the
shear capacity and the stiffness of the
specimen. The previously described quasi-
static loading technique was implemented and
a displacement-controlled loading strategy
was used. Fig. 4 shows the predicted storey
shear versus storey drift obtained from the
finite element model results and those
obtained from the experimental test results
reported. It is clear from figure that the
analytical results are very comparable with
the experimental ones.

3. Parametric study
3.1. Governing parameters

The main parameters governing the
behavior and capacity of a SPSW system can
be summarized into the following
dimensionless parameters. These parameters
were proposed by Behbahanifard et al. [14]
and they have been used confidently in many
following investigations.
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( START )
Open saved model and apply
the parameter changes

Run eigen value analysis, identify buckling
mode and lowest natural frequency

Identifying suitable loading
rate and initial imperfection

Rerun the analysis

Reduce loading

/Extracting the energy results rate

Is the kinetic energy not Yes
exceeding 5% of
internal energy ?

No
Extracting load displacement
curve and normalized curves
END

Fig. 3. Flow chart of the procedures of analysis.
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Fig. 4. Verification of the finite element model.
By = Aspect ratio =L/h. (4) 3.2. Details of the parametric study

B, = Ratio of axial stiffness of infill plate to

t,L
that of columns = 2pA : (5)

(4

B; = Column flexibility parameter

n't,
~0.74 . ©6)
211,

where:
L is the panel length
H is the panel height

I, is the infill plate thickness

A
IC
The shear load of the perforated wall (Vperf)
was expressed throughout the resulted of this
investigation as the ratio of the shear capacity

of the same wall but with solid infill plates
(Vsolid).

. is the cross section area of the column

is the moment of inertia of the column
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Perforations in the SPSW were done by
considering circular holes in the infill plate.
Circular holes have the advantage of
minimizing  the potential  for  stress
concentrations or fracture failures of the infill
plates, especially that the infill plates
considered in the study were unstiffened light
gage ones. In order to capture the effect of
perforations on the infill plate contribution, a
frame-only panel were studied and compared
with the same models with the presence of
infill plates.

The following parameters were introduced
to describe the perforations in the infill plate:
B11 = perforation ratio = total area of holes
/area of the plate
N = Number of holes

The study was conducted for SPSW with
different number of holes (N) and for multiple
values of the perforation ratio (811). The holes
were distributed uniformly over the area of the
plate. The infill plate was divided into 1, 4, 6
or 8 areas and each hole was positioned at the
centre of each area. The study was conducted
for several cases of the parameters of the
problem.
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4. Model results and discussion
4.1. Perforation ratio and hole numbers

Fig. 5 shows the load-drift relations for
different values of the perforation ratio (811).
The figure demonstrates that the overall
deformation behaviors of the perforated shear
walls are similar for the different cases of the
(A11) but with different initial stiffness and
capacity. It is evident from fig. 6 that the
shear capacity of the wall generally decreases
with the increase of the perforation ratio.
However, it is obvious from fig. 7 that for the
same value of (f11), the number of holes has
no considerable effect on the shear capacity of
the wall. Nevertheless, the case with the single

hole may exhibit slightly different shear
capacities than those with multiple ones,
especially when the perforation ratio (811) is
relatively high. Comparing the shear capacity
values in fig. 6 with that of the frame only, i.e.,
the beams and columns only (shown as a line
in figure), it can be concluded that even after
cutting 40% of the plate area, the plate
contribution to the ultimate shear capacity of
the system is still significant. The conclusion
herein is that perforated shear walls have
similar overall behaviors to that with solid
plates but with lower values of shear capacity
and stiffness. The number of holes (excluding
the single hole case) has no major effect on the
shear capacity of the wall.

1.20
1.00 Bll=0%
Bll=1%
11=5%
5 080 B 0
S
= .60 B11=20%
o
-4 Bl11=40%
> 0.40
B1=1.69
B2 =0.44
0.20 B3 =1.52
N=8
0.00 : ! 4
0.00 0.50 1.00 1.50 2.00

Drift / Wall height (%)

Fig. 5. Load-drift relations for different values of perforation ratio g11.
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Fig. 7. Effect of hole numbers on the shear capacity of the wall for different cases of f11.
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4.2. Effect of aspect ratio

In order to investigate the effect of the
aspect ratio (Bl), different models having
different aspect ratios and different hole
numbers (N) were analyzed. Fig. 8 shows the
load-drift relations for different cases of the
aspect ratio (fB1). It is clear from figure that the
walls with higher aspect ratios tend to have
considerably lower shear stiffness and
capacity. That is also clear in fig. 9 where the
relationship between the aspect ratio 1 and
the shear capacity of the wall indicates that
the shear capacity of the wall generally
decreases considerably with the increase of
the aspect ratio. Fig. 10 demonstrates that the
effect of the number of holes on the shear
capacity is not considerable and it generally
depends on the values of the aspect ratio.

4.3. Axial stiffness ratio 2

The effect of the axial stiffness ratio (42) on
the shear capacity of perforated walls is
discussed through the results shown in fig. 11
through fig. 13. The load-drift curves of the
three cases of f2 shown in fig. 11 indicate that
the effect of 2 is not significant for perforated
steel plate shear wall. A slight decrease in the
shear capacity of the wall is experienced with
the increase of f2. Plates with higher number
of holes generally provided lower shear
capacities. It is clear from fig. 14 that the
effect of f2 becomes more significant with the
plates with the higher perforation ratios.

0.70
Bl =0.70
0.60 |
Bl = 1.00
B8 I Bl =1.50
=
0 040 |
S 0.
2
% 030 |
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0.20 B11 =40%
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0 ) N=4
o-oo 1 A L [
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Drift / Wall height (%)

Fig. 8. Load-drift relations for different values of 1.
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Fig. 10. Effect of hole numbers on the shear capacity of the wall for different cases of §1.
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Fig. 11. Load-drift relations for different values of 2.
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4.4. Column flexibility parameter 33

The importance of this parameter arises
from the fact that systems with boundary
elements with enough rigidity experience a
relatively uniform tension field formation. On
the other hand, flexible boundary elements
may fail to generate those fields and hence
reduces the benefits of the web plate (infill
plate). For this reason, some specifications
limit column flexibility parameter to 2.5 [25].
Fig. 15 through fig. 18 show the effect of the
column flexibility parameter (£3). It is clear
from fig. 15 that 3 has a significant effect on
the behavior of the perforated wall. That is in
terms of the shear capacity and deformation
behavior. The figure indicated that walls with
higher B3 tend to exhibit significantly lower
initial shear stiffness. Furthermore, the
greater the value of 3 the lower the value of
the ultimate shear capacity of the wall
becomes. Fig. 16 demonstrates that the shear
capacity of the wall generally decreases with
the increase of 3. The number of holes has
no significant effect on the shear capacity of

0.60

the wall for any value of 3, which is clear in
fig. 17. It can be concluded from fig. 18 that
effect of 3 becomes more significant in cases
with higher values of perforations ratio.

4.5. Overall reduction in shear capacity of the
plate

From the results of the current study, it is
clear that providing perforations in the shear
wall results in a significant reduction in the
shear capacity of the wall. Therefore, providing
these perforations may be a way to reduce
their shear capacity by the required degree
that allows the infill plates to yield before
failure of the surrounding boundary elements
and hence allow for ductile behavior of the
wall without the need to use thin plates that
might be practically impossible. In most cases,
the overall ductile behavior of the shear wall
panel was not affected by the existence of the
perforations. Walls with higher 3 are however
prone to exhibit loss in stiffness when the
shear wall plate is provided with perforations.
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Fig. 15. Load-drift relations for different values of 3.
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5. Conclusions

The following can be concluded from the
results of the current study:
1- The required reduction in the shear
capacity of SPSW can be gained if the infill
plates are perforated with circular holes.
2- In most cases, the reduction in shear
strength is not accompanied by a major
change in the overall deformation behavior of
the wall.
3- The reduction in shear strength of the wall
increases with the increase of aspect ratio
(B1), axial stiffness ratio (#2), and column
flexibility parameters (53).
4- For the same percentage of perforations,
the number of holes has no major effect on the
shear capacity of the wall. However, walls with
a single hole exhibit slightly higher shear
capacities than those with multiple ones.
5- Walls with higher column flexibility
parameters (f#3) may exhibit different overall
deformation behavior with reduced stiffness.

References
[1] J.W. Berman and M. Bruneau, "Steel
Plate Shear Walls are Not Plate Girders",
Engineering Journal, AISC, Vol. 41 (3),
pp- 95-106 (2004).

Alexandria Engineering Journal, Vol. 48, No. 6, November 2009

(2]

3]

[4]

(3]

(6]

(7]

P.A. Timler, Procedure

"Design
Development, Analytical Verification, and
Cost Evaluation of Steel Piate Shear Wall
Structures", Technical Report No. 98-01,

Earthquake Engineering Research
Facility, Department of Civil Engineering,
University of British Columbia,

Vancouver, BC., Canada (1998).

N. Agelidis and D.S. Mansell, "Steel Plate
Cores in Tall Buildings", Civil Engineering
Transactions of the Institution of
Engineers, Australia, Vol. CE24 (1), pp.

11-18 (1982).

L.J. Thorburn, G.L. Kulak and C.J.
Montgomery, "Analysis of Steel Plate
Shear Walls", Structural Engineering
Report No. 107, Department of Civil
Engineering, University of Alberta,

Edmonton, Alberta, Canada (1983).
M.H.K. Kharrazi, "Rational Method for
Analysis and Design of Steel Plate Walls",
Ph.D. dissertation, University Of British
Columbia (2005).

J.W. Berman and M. Bruneau,
"Experimental Investigation of Light-
Gauge Steel Plate Shear Walls", Journal of
Structural Engineering, ASCE, Vol. 131
(2), pp. 259-267 (2005).

M. Bruneau and T. Bhagwagar, "Seismic
Retrofit of Flexible Steel Frames Using
Thin Infill Panels", Engineering

709



M. El-Naggar et al. / Ultimate shear capacity of perforated steel plate shear walls

Structures, Vol. 24 (4), pp. 443-453
(2002).

[8] P.A. Timler and G.L. Kulak, "Experimental
Study of Steel Plate Shear Walls",

Structural Engineering Report No. 114,
Department of  Civil Engineering,
University of Alberta, Edmonton, Alberta,
Canada (1983).

[9] E.W. Tromposch and G.L. Kulak, "Cyclic
and Static Behavior of Thin Panel Steel
Plate Shear Walls", Structural
Engineering Report No. 145, Department
of Civil Engineering, University of Alberta,
Edmonton, , Alberta, Canada (1987).

[10] T.M. Roberts and S. Sabouri-Ghomi,
"Hysteretic Characteristics of Unstiffened

Plate Shear Panels", Thin-Walled
Structures, Vol. 12 (2), pp. 145-162
(1991).

[11] M. Elgaaly, V. Caccese and C. Du,
"Postbuckling Behaviour of Steel Plate
Shear Walls under Cyclic Loads", Journal
of Structural Engineering, ASCE, Vol. 119
(2), pp. 588-605 (1993).

[12] R.G. Driver, G.L. Kulak, D.J.L. Kennedy
and A.E. Elwi, "Seismic Behaviour of Steel
Plate Shear Walls", Structural
Engineering Report No. 215, Department
of Civil and Environmental Engineering,
University of Alberta, Edmonton, Canada
(1997).

[13] R.G. Driver, G.L. Kulak, A.E. Elwi and
D.J.L. Kennedy, "FE and Simplified
Models of Steel Plate Shear Wall", ASCE
Journal of Structural Engineering, Vol.
124 (2), pp. 121-130 (1998).

[14] M.R. Behbahanifard, G.Y. Grondin and
A.E. Elwi, "Experimental and Numerical
Investigation of Steel Plate Shear Walls",
Structural Engineering Report No. 254,
Department of Civil and Environmental
Engineering, University of Alberta,
Edmonton, Alberta, Canada (2003).

[15]J. Berman and M. Bruneau, "Plastic
Analysis and Design of Steel Plate Shear
Walls", Journal of Structural Engineering,
ASCE, Vol. 129 (11), pp. 1448-1456
(2003).

[16] M.H.K. Kharrazi, C.E. Ventura, G.L. Prion
and S. Sabouri-Ghomi, "Bending and
Shear Analysis and Design of Ductile
Steel Plate Walls", Proceedings of the 13th

World Conference on Earthquake
Engineering, Vancouver, B.C., Canada
(2004).

[17]) M.H.K. Kharrazi, H.G.L. Prionb and C.E.
Venturab "Implementation of M-PFI
Method in Design of Steel Plate Walls",
Journal of Constructional Steel Research,
Vol. 64 (4), pp. 465-479 (2008).

[18] K. Basler, "Strength of Plate Girders in
Shear", Journal of the Structural Division,
ASCE, Proc. No. 2967, ST7, pp. 151-180
(1961).

[19] C.J. Montgomery and M. Medhekar,
"Discussion of Unstiffened Steel Plate
Shear Wall Performance under Cyclic
Loading", by A.S. Lubell, H.G.L. Prion,
C.E. Ventura, and M. Rezai, Journal of
Structural Engerring, Vol. 127 (8), pp.
973-975 (2001).

[20] D. Vian and M. Bruneau, "Testing of
Special LYS Steel Plate Shear Walls",
Proceedings of the 13t World Conference
on Earthquake Engineering, Vancouver,
B.C., Canada, Paper No. 978 (2004).

[21] M. Rezai, "Seismic Behavior of Steel Plate
Shear Walls by Shake Table Testing",
PhD Dissertation, Department of Civil

Engineering, University of  British
Columbia, Vancouver, B.C., Canada
(1999).

[22] D. Lopez-Garcial and M. Bruneau

"Seismic Behavior of Intermediate Beams
in Steel Plate Shear Walls", Proceedings of
the 8t U.S. National Conference on
Earthquake Engineering, San Francisco,
California, USA, Paper No. 1089 (2006).

[23] ABAQUS, Inc. and Dassault Systémes,
"ABAQUS 6.7 Documentation", SIMULIA
Worldwide Headquarters, Rising Sun
Mills, Providence, RI, USA (2007).

[24] A. Astaneh-Asl and Q. Zhao, "Cyclic
Behaviour of Steel Shear Wall Systems",
Proceedings of the Annual Stability
Conference, Structural Stability Research
Council, Seattle, WA, USA (2002).

[25] Canadian Standard Association, "Limit
State Design of Steel Structures’,
CAN/CSA-S16-01, Ontario, Canada
(20083).

Received April 18, 2009
Accepted August 18, 2009

710 Alexandria Engineering Journal, Vol. 48, No. 6, November 2009



