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ABSTRACT

In the present paper, the behavior of steel plate shear.walls (SPSWs) with stiffened full-
height rectangular openings is studied. A series of single and multi-story SPSWs of various
aspect ratios, with different opening features (i.e. length and horizontal location) and without
openings is analyzed using the finite element method to investigate the changes in system
behavior due to the introduction of openings in terms of strength, stiffness and ductility.
Results show that the opening features can have an important impact on the behavior of
SPSWs with the openings. The introduction of stiffened openings aways reduces the infill
plate strength and also the initial stiffness and ductility, while it somewhat increases the
frame strength. It isfound that the relative reduction in the infill plate strength as well asthe
relative reduction in the initial stiffness and ductility due to the introduction of the openings
can be reasonably assessed based on the relative reduction in the infill plate area.
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1. INTRODUCTION

In recent years, steel plate shear walls (SPSWs) have been proposed as an effective latera
load resisting system, which resist both wind and earthquake forces. A conventional SPSW
system consists of vertical stiffened or ungtiffened steel plates surrounded by vertical
boundary elements (VBES), on both sides, and horizontal boundary elements (HBES), above
and below. When properly detailed and designed, both stiffened and unstiffened types are
expected to perform satisfactory. However, because of the high cost involved in the
fabrication and construction of a stiffened plate as well as the excellent ductility and energy
dissipation capacity of unstiffened SPSWs, the unstiffened type is now more popular among
researchers and designers.

SPSWs have been used successfully in the structural design and retrofitting of a large
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number of buildings throughout the world [1]. Various experimental and analytical research
studies have reveaed that this system possesses excellent energy absorption capacity and
stable hysteresis characteristics [2-8]. They offer several advantages over the conventional
lateral load resisting systems, such as masonry or reinforced concrete shear walls, various
types of bracing frames and moment resisting frames. The total weight of a structure and
consequently its design seismic forces can be reduced with the use of the SPSW. The highly
ductile nature of the SPSW system is another factor that allows for more reduction in the
design seismic forces. Further, the SPSW can be constructed with shop welded-field bolted
elements, giving much more efficient and faster structural systems. The easiness of openings
application in infill plate is another advantage of SPSWs. This system also-allows for the
passage of different types of openings through the infill plates[2, 9, 10].

Openings are frequently required in SPSWs for passing utilities, architectural purposes
and/or structural reasons. Very often, in some SPSW applications, the minimum available
plate thickness is much thicker than required by the design and thus, the use of thicker infill
plate is inevitable. In turn, the use of larger than required plate thickness increases the
tension field forces and consequently the required frame member sizes as per capacity
design principles. To aleviate this concern, aregular pattern of circular openings or asingle
circular opening may be introduced in the infill plate [9, 11]. Besides, window or door-type
openings are often required in SPSWs especially where they are used in the building core or
in the perimeter frames to provide outside view and light or entrance/exit, respectively [10].

In addition to SPSWs with solid infill plates, research on SPSWs or shear panels with
openings has gained some attention in recent years. However, there is still little research
available on the topic of SPSWs with window or door-type openings.

Research on circular perforations in shear panels started with Roberts and Sabouri- Ghomi
[2]. The researchers performed a series of quasi-static tests under cyclic diagona loading on
ungtiffened steel plate shear wallswith centrally placed circular openings. Based on the results
of this research, they recommended that the ultimate strength and stiffness of a perforated
panel could be conservatively approximated by applying a linear reduction factor to the
strength and stiffness of asimilar solid panel. Deylami and Daftari [12] analyzed more than 50
models with a rectangular opening in the center of the pandl using finite element method. The
opening had only two stiffeners with limited length on its vertical edges which were not
continued across the height of the panel. The researchers concluded that the introduction of the
opening, even at relatively small percentage, caused an important reduction of shear capacity.
Vian and Bruneau [13] conducted analytical and experimental work on a pattern of multiple
regularly spaced circular perforations in the infill plate and a reinforced quarter-circle cut-outs
in the upper corners of the infill plate. In addition, Purba and Bruneau [14] performed
additional numerical analysis based on the experimenta results of the perforated specimens
and proposed a more accurate reduction factor than that proposed by Roberts and Sabouri-
Ghomi [2] for calculating the strength of a perforated panel.

Valizadeh et a. [15] experimentally investigated cyclic behavior of perforated steel shear
panels with circular openings at their center. The results showed that the introduction of
openings reduced the initial stiffness and strength and noticeably decreased the energy
absorption of the system. Pellegrino et al. [16] studied linear and nonlinear behavior of steel
plates with circular and rectangular holes under shear loading. From the results of this
research, the strong influence of hole dimensions on the shear buckling coefficient was
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observed. Choi and Park [17] conducted experimental and theoretical research on an SPSW
system with openings to determine the failure mechanism and proposed a methodology of
analysis for lateral resistance capacity of unstiffened SPSWs. The behavior of unstiffened
thin SPSWs with circular perforations placed at the center of the infill plates was examined
by Bhowmick [11]. Based on the analysis results, a shear strength equation was proposed for
SPSWs with circular perforations at the center. On the other hand, Alavi and Nateghi [18]
proposed a special combination of diagona stiffeners with a central circular perforation to
enhance the strength, stiffness and energy dissipation capability of perforated SPSWs.

Hosseinzadeh and Tehranizadeh [10] investigated the behavior of SPSWs with large
rectangular openings used as windows or doors in buildings. In the case of such large
openings, use of horizontal and vertical local boundary elements (LBE) around the opening
isinevitable, to offset the effect of the openings on the behavior of the system, as required
by current seismic design specifications [1, 19]. However, the involved cost on'LBE as well
as the increased amount of welding for the connections of theinfill plates to the surrounding
elements (HBEs, VBEs and LBE) would decrease the economy of the SPSW and thus made
the use of such a configuration unattractive or less attractive (see Fig. 1). Anyway, results of
this research showed that the behavior of SPSWs with openings.and horizontal and vertical
LBE was not influenced much by the type (window or door), location and geometry of the
openings. Maoreover, the introduction of the openingsin SPSWs increased both the ultimate
strength and stiffness, while it somewhat decreased the ductility ratio.
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Figure 1. Partial-height rectangular openings studied by Hosseingzadeh and Tehranizadeh, (a)
window-type, and (b) door-type openings, adapted from Ref. [10]

In this paper, the behavior of SPSWs with large rectangular openings used as windows or
doors is studied. To alleviate the concern mentioned above (regarding the additional cost
involved), the openings herein are considered to extend the full height of the panel, whether
it is needed or not, which results in a similar configuration for both the opening types
(window or door). This alternative configuration can be attractive and more economical as it
eliminates the need for horizontal LBE at the top and/or bottom of the opening and thus
reduces the amount of welding required for infill plate to surrounding member connections.
A series of single and multi-story SPSWs of various aspect ratios, with and without the
openings is analyzed using the finite el ement method to examine the changes in the system
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behavior due to the introduction of the openingsin terms of strength, stiffness and ductility.
The effects of opening features are also included in the study by considering various lengths
and four different configurations (based on the opening horizontal location) for the openings
(seeFig. 2).
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Figure 2. Typical SPSW systems considered in this study, (a) without openings, and with
stiffened full-height rectangular openings of (b) L, (¢) R, (d) LR, and (€) M configurations
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2. METHOD OF THE STUDY

2.1 Design of models

A series of single-story and multi-story SPSW systems with different aspect ratios and
opening featuresis considered for this research. The original SPSW models without opening
are selected from Ref. [10]. For convenience, the details of the selected SPSW models are
presented in Table 1. SPSWs have been designed according to the recommendations given
in AISC Seismic Provisions [19] and AISC Design Guide 20 [1]. As shown in Table 1, all
models have constant story height of 3.5 m, measured from center to center of HBEs. Bay
width (L) of SPSWs, measured from center to center of VBESs, varies from 3 to 7 m (i.e.
L/h=0.86, 1.14, 1.43, 1.71 and 2). In addition, all models have had beam-to-column
connection details that include reduced beam sections (RBS) at each end, as recommended
by AISC Design Guide 20 [1], to ensure inelastic beam action at the desired locations as
well as to reduce the bending moment demand on VBES Table 2 presents the RBS
connection dimensions (see Fig. 2) for different HBE profiles per AISC 358-05 [20].

Table 1. Properties of origina SPSWs without the openings, adapted from Ref. [10]

# of Bay width, L Aspect Plate thickness, HBE size

Name stories, n (m) ratio, L/h t,, (mm) Intermediate  Base & Top VBEsize
1S3L 1 3 0.86 1st: 3.18 - W14x176 W14x283
14L 1 4 114 1st: 3.18 - W14x193 W14x311
1S5L 1 5 143 1st: 3.18 - W14x233 W14x370
1S6L 1 6 1.71 1st: 3:18 - W24x250 W14x455
1S7L 1 7 2.00 1st:3.18 - W24x370 W14x550
2S5L 2 5 1.43 1st,2nd: 3.18 W14x132 W14x233 W14x370
3S5L 3 5 143 1st~3rd: 3.18 W14x132 W14x233 W14x370
4S5L 4 5 143 1st~4th: 3.18 W14x132 W14x233 W14x370

Table 2: RBS connection dimensions for different HBE profiles per A1SC 358-05, adapted from

Ref. [10]
RBS dimensions W14x132 W14x176 W14x193 W14x233 W24x250 W24x370
a(mm) 200 200 200 220 200 175
b (mm) 300 300 300 330 550 600
¢ (mm) 0 95 95 100 80 85

The origina SPSW models presented in Table 1 are then utilized to study the effects of
various opening features (i.e. opening length and horizontal location) on the system
behavior. LBE of SPSWs with openings are designed for stiffness and strength requirements
according to the recommendations given in the AISC Design Guide 20 [1]. However, for the
opening configuration considered herein, where the LBE span is relatively long, the design
of LBE isgoverned by the stiffness criterion rather than required strength.
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Table 3: Properties of SPSWs with openings
Name = Orfigind  LBE Opening Name  Origind LBE Opening
SPSwW size length, (m)  Config. SPSW= size length, (m)  Config.
1S3L-L2 1S3 W14x159 1.20 L 1S3L-M2  1S3L  W14x159 1.20 M
1S4L-L2 1S4L W14x159 1.20 L 1S4L-M2  1SAL W14x159 1.20 M
1S5L-L2 1S5L W14x159 1.20 L 1S5L-M2  1S5L W14x159 1.20 M
1S6L-L1 1S6L  W14x159 0.90 L 1S6L-M1  1S6L  W14x159 0.90 M
1S6L-L2 1S6L  W14x159 1.20 L 1S6L-M2  1S6L  W14x159 1.20 M
1S6L-L3 1S6L W14x159 1.50 L 1S6L-M3  1S6L  W14x159 1.50 M
1S6L-L4 1S6L W14x159 1.80 L 1S6L-M4  1S6L  W14x159 1.80 M
1S6L-L5 1S6L  W14x159 2.10 L 1S6L-M5  1S6L  W14x159 2.10 M
1S6L-L6 1S6L W14x159 2.40 L 1S6L-M6  1S6L - W14x159 2.40 M
1S7L-L2 1S7L W14x159 1.20 L 1S7L-M2  AS7TL W14x159 1.20 M
1S3L-R2 1S3L W14x159 1.20 R 2S5L-L.2 1S5L  W14x159 1.20 L
1S4L-R2 1AL W14x159 1.20 R 3S5L-L2 1S5L W14x159 1.20 L
1S5L-R2 1S5L W14x159 1.20 R 4S5L-L 2 1S5L Wi14x159 1.20 L
1S6L-R1 1S6L  W14x159 0.90 R
1S6L-R2 1S6L  W14x159 1.20 R 2S5L-R2 1S5L  Wi14x159 1.20 R
1S6L-R3 1S6L  W14x159 1.50 R 3S5L-R2 1S5L  Wi14x159 1.20 R
1S6L-R4 1S6L W14x159 1.80 R 4S5L-R2 1S5l Wi14x159 1.20 R
1S6L-R5 1S6L  W14x159 2.10 R
1S6L-R6 1S6L  W14x159 2.40 R 2S5L-LR2  1S5L  W14x159 1.20 LR
1S7L-R2 1S7L W14x159 1.20 R 3S5L-LR2  1S5L  W14x159 1.20 LR
4S5L-LR2  1S5L  W14x159 1.20 LR

1S3L-LR2  1S3L  W14x159 1.20 LR

1S4L-LR2 1S4l W14x159 1.20 LR 2S5L-M2  1S5L W14x159 1.20 M

1S5L-LR2  1S5L  W14x159 1.20 LR 3S5L-M2  1S5L Wi14x159 1.20 M

1S6L-LR1  1SBL  W14x159 0.90 LR 4S5L-M2 1S5l Wi14x159 1.20 M

1S6L-LR2  1S6L  W14x159 1.20 LR

1S6L-LR3  1S6L ' W14x159 1.50 LR

1S6L-LR4  1S6L  W14x159 1.80 LR

1S6L-LR5  1S6L  W14x159 2.10 LR

1S6L-LR6  1S6L  W14x159 2.40 LR

1S7L-LR2  1S7L W14x159 1.20 LR

= The frame member sizes, infill plate thicknesses and frame geometries in SPSWs with the openings
are similar to the corresponding original SPSWs without the openings.

Regarding the horizontal location of openings, four different configurations are
considered for openings (i.e. near the tensile or left VBE (L), near the compressive or right
VBE (R), two half-length near both the VBES (LR), and in the mid-span (M)), as shown in
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Fig. 2. Thelength of openingsis assumed to vary betweenL'=0.9 mto L' = 2.4 m, while, as
mentioned before, the height of openings is fixed equal to the clear distance between HBEs
(i.e. full-height openings). The details of different SPSW models with openings are
presented in Table 3.

2.2 Description of finite element models

The ASTM A36 and ASTM A572 Gr.50 standards are respectively selected for infill plate
and frame member (VBEs, HBEs and LBE) materials. The respective stress-strain
relationships of the two materials are shown in Fig. 3. According to the figures, different
yield strengths are assumed for infill plate (=327.6 MPa) and frame member (=385 MPa)
materials, while the elastic modulus (=200 GPa) and Poisson’s ratio (=0.3) are considered
the same for both the materials.
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Fig. 3. Materia stress-strain curves, (a) Infill plates, and (b) Frame members, adapted from Ref.
[21]

The finite element modeling approach used in the previous works by the author [10, 22]
is utilized to model and anayze SPSWs using the finite element program
ABAQUS/Standard [23].-A description of the finite element modeling is presented in the
following.

All frame members and infill plates are modeled with a reasonably fine mesh using 4R
element. The AR element is afour node reduced integration quadrilateral shell element and
is capable of modeling elastic, plastic and large-strain behaviors. An isotropic hardening
model is used for all. nonlinear pushover analyses. The geometric nonlinearity phenomenon
isincluded inthe analyses as a consequence of large displacements with small strains.

The infill' plates are assumed to be connected directly to the surrounding boundary
members. To simulate the fix support conditions at the VBE bases, the bottom nodes of both
VBE flanges and webs are restrained from displacement in al directions. To replicate the
effects of the concrete dlab of the floors, all HBE webs are a so restrained against movement
in the out-of-plane direction.

Initial imperfections in the infill plates of SPSWs due to gravity, fabrication tolerances
and welding distortion are inevitable. Such imperfections need to be considered in finite
element models, somehow, to help initiate buckling in the infill plate and development of
the tension fields. To consider this effect, the infill plate is taken to have an initia
imperfection pattern corresponding to the first buckling mode of the plate with a peak
amplitude of 1mm. Lateral loads, as shown in Fig. 2, are equaly applied to the beam-to-
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column connections at each story level and are gradually increased from zero to a magnitude
beyond the system’s capacity. The ultimate state of SPSWs is considered to occur as the
drift ratio at least at one of the stories of the systems reaches a value of 2.5% per [24].

The FE modeling approach described above has previoudy been validated [10, 22] by
comparing the analysis results of the four story SPSW tested by [6] and the single-story
SPSW (only SPSW2 specimen) tested by [8] with the corresponding experimental results
and good agreement between analytical and experimental results was observed. Thus, it is
not repeated here for brevity.

3. DISCUSSION OF RESULTS

As expected, the behavior of a SPSW before and after the introduction of full-height
opening and vertical LBE would not be the same. The introduction of the opening reduces
theinfill plate total area and consequently the infill plate stiffness and strength. On the other
side, the introduction of the vertical LBE on the opening side(s) would increase the stiffness
and strength of the moment frame. In fact, the vertical LBE acting as struts for HBES stiffen
the frame, to some extent, in addition to primarily permitting the infill plates to yield in
tension.

Herein, the effect of the introduction of full-height openings on the behavior of SPSWsis
discussed. Firgt, the changes in the system behavior due to the introduction of the openings
in terms of strength, initial stiffness and ductility are investigated for openings of various
lengths and four different configurations. Then, the influence of the system aspect ratio on
the variations of the system strength, initial stiffness and ductility is examined for typical
single-story SPSWs having different. opening configurations but equal opening length.
Finally, the influence of the system height (i.e. number of story) on the behavior of the
system is studied for typica single and multi-story SPSWs having different opening
configurations but equal opening length.

3.1 Effects of the opening length and configuration

In this section, the effects of the opening length and configuration on the system strength,
initial gtiffness and ductility are investigated for typica single-story SPSWs of an aspect
ratio of 1.71, with different opening lengths (L = 0.9, 1.2, 1.5, 1.8, 2.1 and 2.4 m) and
configurations (L, R, LR and M) and without the openings.

3.1.1 Ultimate strength

Fig. 4 compares the variations of the ultimate strength ratios of typical single-story SPSWs
with the openings to the corresponding SPSW without the opening for four different opening
configurations and various opening lengths. As shown, for comparison purposes, the
variations of the ultimate strength ratios of infill plates and frames are also presented in Fig.
4. The ultimate strength of the infill plateis calculated by means of integrating shear stresses
across the width of the infill plate, and that of the frame is determined by subtracting that of
theinfill plate from the overall strength.
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Figure 4. Variations of the ultimate strength ratios of, (a) infill plates, (b) frames, and (c)
SPSWs, for typical single-story systems having different opening lengths and configurations

Fig. 4(a) shows that the infill plate strength ratio decreases linearly with the opening
length, and that the ratio of the decrease is amost equal to the ratio of the infill plate area
(4;,) in the system with the opening to its original area (4,,) in the corresponding system
without the opening (dashed line in Fig. 4(8)). The results in Fig. 4(b) confirm that the
ultimate strength of the frames due to the introduction of the openings and LBE always
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increases. In addition, the ratio of the increase in the frame strength is greater for LR and M
configurations that have two vertical LBE on the opening sides than for L and R
configurations that have one vertical LBE on the opening side, as expected. The results in
Fig. 4(b) also indicate that the ratio of the increase in the frame strength is ailmost constant
for L, R and M configurations for the range of the opening length considered (L'=0.9-2.4 m),
while it is linearly increased for LR configuration with increasing the opening length. As a
result, as observed in Fig. 4(c), the ultimate strength of the SPSWs with the openings may be
higher or smaller than that of the corresponding SPSW without the opening depending on
the opening length and configuration. Fig. 4(c) illustrates that for L, R and M configurations,
the SPSW drength ratio decreases with increasing the opening length, whereas for M
configuration, it remains ailmost constant for the different opening lengths considered (i.e.
L'=0.9-2.4 m). It is aso noted from the results in Fig. 4(c) that the introduction of the
opening and LBE in the mid-span (M configuration) provides a relatively higher additional
strength to the system; however, this configuration aso involves a higher additional cost
compared to L and R configurations.

Moreover, the comparison of the results in Fig. 4(a)-(c) shows that there is no
considerable difference between the curves for L and R configurations. This indicates that
the behavior of a single-story SPSW having a stiffened full-height opening on the left (or
right) side of the panel would remain symmetric for the lateral loads applied in both
directions.

Notably, the results in this section, unlike the ones presented in Ref. [10] for the partial-
height openings that require the use of “both horizontal and vertical LBE around the
openings, demonstrate that the behavior of a SPSW with full-height opening, depending on
the opening length and location, can be different.

Fig. 5 illustrates the Mises stress distribution of typical single-story SPSW systems with
and without the openings at the ultimate state. As shown, occurrence of yielding at the ends
of frame members (HBEs, VBEs and/or LBE) and across the infill platesis evident.
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Figure 5. Mises stress distribution of typical SPSWs (L/h=1.43 and L'=1 m), () without the
openings, and with the openings of, (b) L, (¢) R, (d) LR, and (€) M configurations, at the
ultimate state

3.1.2 Initial stiffness and ductility

Fig. 6 presents the ratios of the initial stiffness and ductility of SPSWs of an aspect ratio of
1.71 having four different opening configurations and various opening lengths to those of
the corresponding SPSW without the opening. The initia stiffness was calculated by
dividing the base shear by the roof displacement at the early stage of nonlinear analysis. The
ductility was calculated as the ratio of the maximum displacement to the yield displacement
(i.e. 4= 6pu/dy). The maximum displacement (6,,,,) Was defined as the top story
displacement at the drift ratio of 2.5%. The yield displacement (6,) was measured through
the concept of equal plastic energy, so that the area surrounded by the idealized elasto-
plastic curve was equal to that of the actual pushover curve, as depicted in Fig. 7.

Fig. 6 illustrates that the stiffness and ductility of different SPSWs decrease linearly with the
opening length, due to the introduction of the openings. Based on the resultsin Fig. 6, for a
given opening length, the minimum reduction in the stiffness occurs for LR configuration
and the maximum reduction in the ductility occurs for M configuration. However, for a
given opening length, the maximum difference between the stiffness or ductility values of
SPSWs having different opening configurationsis not significant (less than about 10%). The
resultsin Fig. 6 also indicate that the stiffness and ductility of SPSWs with the openings can
be approximated by applying alinear reduction factor (4,,/4,,) to the stiffness and ductility
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of the corresponding SPSW without the opening; however, it should be noted that this
approximation may be somewhat conservative or unconservative (less than 15%) depending
on the opening length and configuration.
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Figure 6. Variations of the, (8) initial stiffness, and (b) ductility, ratios of typical single-story
SPSWs (L/h=1.71) for different opening lengths and configurations
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3.2 Effect of the SPSW aspect ratio

The results in the previous section have been presented for single-story SPSWs of equal
aspect ratio (i.e. L/h=1.71). In this section, to examine the influence of the system aspect
ratio on the strength, initial stiffness and ductility ratios of SPSWs with the openings to the
corresponding systems without the openings, typical single-story SPSWs of various aspect
ratios (L/h = 0.86, 1.14, 1.43, 1.71 and 2) having four different opening configurations (L,
R, LR and M) but equal opening length (L'=1.2 m) are considered.

3.2.1 Ultimate strength

Fig. 8 presents the ultimate strength ratios of SPSWs with the openings to-the corresponding
SPSW without the opening for different aspect ratios. Fig. 8(a) shows that generaly, the
infill plate strength ratio increases with the increase of the system aspect ratio. This can be
explained by the fact that for a given opening length, with the increase of the system aspect
ratio, the relative reduction in the infill plate area and therefore the effect of the introduction
of the opening on the infill plate strength decrease. The results in Fig. 8(a) also confirm that
the infill plate strength ratio, independent of the system aspect ratio and the opening
configuration, is amost equal to the ratio of the infill plate area (4;;) in the system with the
opening to its origina area (4,,) in the corresponding system without the opening (dashed
linein Fig. 8(a)). From theresultsin Fig. 8(b), again; it is observed that the ultimate strength
of the frames due to the introduction of the LBE aways increases, and that for a given
aspect ratio, the ratio of the increase is somewhat greater for SL and M configurations that
have two vertical LBE in the span than for L and R configurations that have one vertical
LBE in the span. Based on the results.in Fig. 8(b), the frame strength ratios vary between
1.19 and 141 for SL and M configurations, and between 1.09 and 1.24 for L and R
configurations, for different aspect ratios. The maximum difference between LR and M
configuration curves as well as the maximum difference between L and R configuration
curvesis less than 8%. These abservations indicate that both the number and position of the
LBE in the span are important factors in increasing the frame strength. As aresult, as shown
in Fig. 8(c), the SPSW strengths increase up to 4% due to the introduction of the openings of
L or R configurations, and up to 16% due to the introduction of the openings of LR or M
configurations, for different-aspect ratios.
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Figure 8. Variations of the ultimate strength ratios of, (a) infill plates, (b) frames, and (c)
SPSWs, for typical single-story systems having different aspect ratios and opening
configurations

3.2.2 Initial stiffness and ductility

Fig. 9 presents the initial stiffness and ductility ratios of SPSWs with the openings to the
corresponding SPSW without the opening for different aspect ratios. Fig. 9 shows that due
to the reduction in the infill plate area, theinitial stiffness and ductility are lower for SPSWs
with the openings than for the corresponding SPSW without the opening. The resultsin Fig.
9illustrate that both the stiffness and ductility ratios increase amost linearly with the system
aspect ratio. This can be explained by the fact that for a given opening length, the relative
reduction in the infill plate area decreases with the increase of the system aspect ratio and
therefore, the contribution of the infill plate tension field action to the overal behavior
increases; with this effect, the stiffness and ductility of SPSWs with the openings increase
with the aspect ratio. Based on the results in Fig. 9, again, it is shown that both the initial
stiffness and ductility ratios can be approximated by the ratio of the infill plate area (4,,) in
the system with the opening to its original area (4,,) in the corresponding system without the
opening (dashed linesin Fig. 9(a) and (b)). However, as shown in Fig. 9, theinitial stiffness
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and ductility ratios may be somewhat underestimated or overestimated (less than 12%) by

this approximation depending on the system aspect ratio and the opening length and
configuration.
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Figure 9. Variations of the, (a) initial stiffness, and (b) ductility, ratios of typical single-story
SPSWs for different aspect ratios and opening configurations

3.3 Effect of the SPSW number of story
In the previous sections, the effects of the opening features and the system aspect ratio on
the behavior of single-story SPSWs with the openings have been studied. In this section,
typica SPSWs (L/h=1.43) of different number of stories (1, 2, 3 and 4-story), with four
different opening configurations (L, R, LR and M) but equal opening length (L'=1.2 m) and
without the openings are analyzed to examine the influence of the system height on the
variations of the strength, initial stiffness and ductility ratios of SPSWs with the openings to
the corresponding SPSWs without the openings.

In Table 4, the strength, initial stiffness and ductility of different SPSWs without the
openings are presented and compared with those of the corresponding SPSWs with the
openings for different number of stories and opening configurations. As shown, fairly
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similar results are obtained for different opening configurations. The results in Table 4 show
that the infill plate strength ratio does not change with the height of the system and
therefore, regardless of the system height, it can be determined by the relative reduction in
the infill plate area (or the ratio of A},/A,,). The results in Table 4 for the frame strength
ratio show that generaly, with the increase of the height of the system, the effect of the
introduction of the opening and LBE on the frame strength decreases. As aresult, the overall
strength ratio decreases with the increase of the height of the system. On average, the
ultimate strength ratio of SPSWs decreases from 1.23 for the shortest SPSW to 1.11 for the
tallest SPSW for L and R opening configurations, while it decreases from 1.38 for the
shortest SPSW to 1.17 for the tallest SPSW for LR and M opening configurations.

Table 4: Comparison of the strength, stiffness and ductility of SPSWs (L/h=1.71) with the
openings (L'=1.2 m) with those of the corresponding SPSWs without the openingsfor different
number of stories and opening configurations

SPSWs with the openings

SPSWSs without the openings Ratios (with openings / without openings)

Strength (kN) Stiffness - Strength . -

NaMme —=ssW Infill Frame | (kN/mm) DUty NaMe oS Infill Frame 1ness Ductility
TSL 6885 2505 4380 4654 70 1SL12 105 073 124 072 068
2S5L 6602 2501 4100 2710 79 2S5LL2 097 072 113 063 065
3L 6185 2509 3676 1780 70 3BL-L2 094 072 110 061 066
4S5l 5617 2519 3008 1221 58 AS5L-L2 094 071 112 062 069
1S5L-R2 104 072 122 072 068

2S5L-R2 096 072 111 063 064

35L-R2 094 072 109 061 066

AS5L-R2 093 071 110 062 068

1SSL-LR2 112 072 135 079 071

2SBL-LR2 104 072 124 072 068

3BL-LR2 099 071 119 071 074

ASSL-LR2 097 071 118 072 078

1S5L-M2 115 072 141 072 062

2S5L-M2 105 072 125 063 059

3s5L-M2 099 072 117 060 062

AS5L-M2 097 072 116 060 065

Theresultsin Table 4 also indicate that as in the case of theinfill plate strength ratio, the
ductility and stiffness ratios do not change significantly with the height of the system. Thus,
asin the case of single-story SPSWs, the stiffness and ductility ratios of multi-story SPSWs
can be approximated by theratio of 4;,/A,,.

4. CONCLUSIONS

A series of single and multi-story (up to 4-story) SPSWs of different aspect ratios (L/h =
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0.86, 1.14, 1.43, 1.71 and 2) with and without stiffened rectangular openings used as
windows or doors in buildings was numerically analyzed to study the effects of such
openings on the behavior of the systems. The openings herein were assumed to extend the
full height of the systems (so as to reduce the additional cost involved on LBE and the
amount of welding required for infill plate-to-LBE connections), and to have various lengths
(L'=0.9, 1.2, 1.5, 1.8, 2.1 and 2.4 m) and four different configurations (based on the
horizontal location of the opening). The results showed that:

- Unlike the results in the previous work [10] for the partia-height openings that require
the use of both horizontal and vertical LBE, the behavior of SPSWs with stiffened full-
height openings is affected by the location and length of such openings. This confirms that
the behavior of a SPSW with the opening, depending on the opening type (partial-height or
full-height opening), can be different.

- The introduction of stiffened full-height openings in different SPSWs reduces the
ultimate strength of infill plates, while it increases the ultimate strength of frames.
Regardless of the system geometries and the opening length and configuration, the ratio of
the reduction in the infill plate strength is amost equal to the relative reduction in the infill
plate area (i.e. A;,/A,,). The ratio of the increase in/the frame strength is dependent on the
system geometries as well as the opening length and configuration (number and position of
LBE in the span). As a result, the ultimate strength-of SPSWs due to the introduction of
stiffened openings may be increased or decreased.

- Generally, for a given opening configuration, the SPSW strength ratio decreases with
increasing the system height and/or the opening length. Also, the SPSW strength ratio is
greater for LR and M configurations that require the use of two vertical LBE than for L and
R configurations that require the use of only onevertical LBE.

- The initia stiffness and ductility. values of SPSWs due to the introduction of stiffened
opening are always decreases. Based on the results obtained, the stiffness and ductility
values of SPSWs are almost propartiona to the infill plate area. Thus, the stiffness and
ductility ratios of SPSWs with the openings to the corresponding SPSWs without the
openings can be approximated by theratio of 4;,/A,,.

- No difference is observed between the behaviors of SPSWs with the openings of L and
R configurations. This indicates that the behavior of a SPSW with a stiffened full-height
opening on the left (or right) side of the panel would remain symmetric for the lateral loads
applied in both directions.

- Based on the results obtained, it can be inferred that by increasing the infill plate
thickness in proportion to the decrease of the infill plate area, the strength, initial stiffness
and possibly ductility of SPSWs with the openings would be achieved close to the
corresponding SPSWs without the openings (this needs further investigation).
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