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Abstract: Steel plate shear walls (SPSWs) have advantages such as high elastic stiffness, stable
hysteresis behavior, high energy absorption capacity, and decent ductility. However, one of the main
drawbacks of SPSWs is their buckling under lateral loading. To address this issue, a simple and
practical solution in the form of using a trapezoidal plate moment connection (PMC) and a narrow
gap between the infill plate and columns is presented. The PMC will act as an energy absorber,
similar to a yielding steel plate, and keep the other structural members in an elastic state. Extensive
three-dimensional finite element (FE) models of the SPSW system were investigated under monotonic
and cyclic loading. The results revealed that by separating the infill plate from the vertical boundary
elements and using two vertical edge stiffeners at both edges of the wall, the same lateral bearing
capacity of the conventional system can be achieved. In addition, by increasing the thickness of the
PMC from 6.5 to 26 mm, the load-bearing capacity, energy dissipation, and elastic stiffness increased
approximately 2, 2.5, and 3.2 times, respectively. It was also found that the flexural capacity ratio of
the connection to the beam had little effect on the overall force–displacement behavior. However, it
can affect the system failure mechanism. Finally, the tension field inclination angle for such SPSWs
was proposed in the range of 30 to 35◦.

Keywords: steel plate shear wall; load-bearing capacity; finite element method; yielding; energy
absorption; yielding absorber plate; vertical edge stiffener; flexural capacity ratio; monotonic loading;
cyclic loading

1. Introduction

Steel plate shear wall (SPSW) systems are one of the fastest-developing lateral resisting
systems utilised in medium to high-rise buildings. To investigate the performance of SPSW,
several analytical models were created. Basler and Thürlimann [1] suggested plate girder
design, which was further used as the basis for more SPSW analytical models. Early studies
on SPSW post-buckling strength were carried out at the University of Alberta, and therefore,
the strip model was presented as a basis to calculate SPSWs’ post-buckling strength. These
studies inspired further studies on unstiffened SPSWs. This model became the basis for
design regulations for a variety of guidelines such as AISC341-05 [2], CAN/CSA S16-
1 [3], and FEMA 450 [4]. Extensive experimental, analytical, and numerical studies have
been conducted during the recent decades on unstiffened thin SPSWs as the main focus
of the present study. Wagner [5] conducted the first major research on plate girders’
post-buckling behavior and used certain tests to suggest diagonal tension field theory.
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Some of the experimental studies conducted on thin steel shear walls include Timler and
Kulak [6], Driver [7], Lubell [8], and Vian et al. [9]. The results of these studies showed
that the useful post-buckling resistance, high stiffness, strength, and ductility, sustainable
hysteresis features, and high plastic energy absorbability of SPSWs can tolerate lateral loads.
According to the proper post-buckling strength of a high-strength steel infill plate, the
thickness of the infill wall can be reduced in tall buildings. Purba and Bruneau [10] studied
unreinforced thin infill wall behavior considering a regular opening model. First of all, a
series of shear walls without/with opening were tested. They considered a rigid diaphragm
and rigid beam on boundary conditions of the wall. Eventually, they presented a shear
strength of the infill wall depending on the shear strength of the solid panel, the diameter
of the opening, and the distance between openings. An experimental study on stiffened
and unstiffened shear wall behavior has been conducted by Sabouri-Ghomi and Sajjadi [11].
Their results showed that stiffener increased the energy absorption and shear strength
of the steel wall. Hosseinzadeh and Tehranizadeh [12] studied the general behavior of
SPSWs in dual systems, including the role of steel plate tension field and frame boundary
conditions. The results demonstrated that the presence of an infill wall has significant
importance for the improvement of moment-resisting frame system performance, especially
for multi-story frames, in terms of strength, stiffness, ductility, and energy dissipation
capacity. Machaly et al. [13] conducted a numerical study on the ultimate shear strength of
SPSW. Integrated parametric analysis to assess the effect of geometrical parameters and
wall materials in its ultimate shear strength has been conducted. Du et al. [14] investigated
the seismic performance and proposed a two-story thin steel shear wall equipped with
horizontal and vertical stiffeners. Results indicated that the structure was maintained at
the life safety performance level through a strengthening approach.

To resist lateral loading, one of the main steel lateral load-bearing systems is the SPSW
system. The main members of a steel shear wall include a steel plate of walls, beams, and
boundary columns. On the other hand, if required, a horizontal or vertical stiffener is used
to increase the rigidity and out-of-plane buckling resistance of the wall. This strengthening
method was used to prevent the premature buckling of steel infill plates [15]. Due to
the high post-buckling capacity of a thin infill plate caused by the wall plate diagonal
tension field, thin stiffened SPSWs are favorable. Significant stiffness and shear strength,
sustainable hysteresis behavior, high energy dissipation, and high ductility, as well as a
high degree of indeterminacy of steel shear wall, caused this system to be permanently
considered as one of the main design alternatives for structures exposed to severe seismic
and wind loadings [16]. In some countries such as Japan and China, using a stiffener
is desirable to ensure high energy absorbability and ductility without using thick plates.
However, using a stiffener may be a little critical and improper, which is related to using a
high labor force for the installation process [17] and increasing construction costs. On the
other hand, SPSWs without stiffeners are more popular in Northern America, due to the
cost-effectiveness and decent performance of unstiffened plates. Unstiffened SPSW system
includes steel infill plates, confined by horizontal boundary elements (HBE) (beam) and
vertical boundary elements (VBE) (column).

From amongst unstiffened SPSWs, defects in American Institute of Steel Construction
(AISC) standards [18,19] may be seen concerning the fact that infill plate post-buckling
tension field generates big lateral forces in VBE, which in turn develops major bending
moment and excessive axial forces in columns. Therefore, big cross-section columns shall
always be used to provide proper stiffness and strength. This is a big defect, influencing
implementation cost. On the other hand, in this system, the SPSW is connected with
boundary columns and beams using fillet welding. High vertical fillet welds result in an
increase in cost and serious problems of burned steel plate during overhead welding [20].
The other point that may be mentioned is that column design depends on selecting a wall
plate. A thicker steel wall plate and high strength materials result in a heavier column.
Analyses and tests conducted on unstiffened SPSWs [21,22] showed that these walls may
be buckled along diagonal compressive regions for a small drift ratio of 0.005 radians. Most
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of the studies conducted on unstiffened SPSWs were focused on improving post-buckling
performance, ductility, and energy absorption. In these studies, infill wall elastic buckling,
which often occurs under small shear forces, was less considered. Elastic buckling of thin
steel plates resulted in the limitation of the SPSWs’ application. This phenomenon caused
a reduction in initial stiffness and a small yielding drift ratio [23,24]. Although there are
limited cases where service-level performance is focused on considering performance-
based design philosophy [23], AISC determines regulations without deformation and
drift ratio requirements under service conditions. Using beam to column welded joints in
this system often results in an unwanted failure of panel zone, and doubler plates shall
be used in the column web at the panel zone, which in turn increases operational costs.
Using current welded moment connections, in which beam flange is connected vertically
to column web, requires a continuity plate at the column web. This results in an increase in
cost and stiffness in implementation. The last defect of these columns is that the current
seismic design guideline considers weak beam–strong column philosophy as one of the
design requirements of boundary elements, which in turn results in an increase in column
sizes beyond the system demands.

From amongst design issues and subjects for SPSWs completely connected to bound-
ary elements, three cases are important: (1) tension field region, resulting in big, heavy,
and expensive columns; (2) joints with complete penetrative weld in common systems,
which are not cost-effective and need on-site welding and ultrasonic tests; and (3) thin
steel walls against lateral loads (such as wind and earthquake) that are prone to buckling.
Therefore, the infill wall in this study has targeted previously addressed problems con-
sidering two key issues. These two key issues included steel wall separation ability from
boundary elements and replacing full penetrative weld with a PMC. The overarching aim
of this study is to develop an SPSW system that can address the issues and drawbacks
of the current SPSW system. All numerical studies were conducted to achieve both the
desired ductile behavior and a reduction in fabrication costs. Considering extensive studies
conducted on examining SPSWs’ performance exposed to different loads, the number of
studies on examining thin SPSW using PMC and a narrow gap between infill wall and
the column is limited. Therefore, in this study, an effective approach of high-performance
and a more cost-effective SPSW together with a proper connection are investigated by the
three-dimensional (3D) finite element (FE) ABAQUS software (Dassault Systemes Simulia
Corporation, Providence, RI, USA) [25].

2. Materials and Methods
2.1. Introducing the Connection

There are several drawbacks associated with using conventional bending moment
connection, such as costly complete penetrative welding and time consumption. On the
other hand, to satisfy the requirements of moment connections, the “strong column–weak
beam” philosophy shall be used, which results in a big size and heavy column. To remove
the mentioned disadvantages and defects in common moment connections, a new type of
moment connection with a plate is suggested, which has flexural behavior similar to the
current connection and may be a good alternative for them.

In Figure 1, a new yielding PMC has been shown, which may be used in bolted and
welded types. For the welded option, the connection plate is welded to the column flange
and the beam at the factory and the project site, respectively. The welded type may be of
fillet or groove welds. For some heavy and big beams, these welds are suggested for a
complete penetration weld.
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Figure 1. Connection with an absorber plate: (a) cut beam, (b) connection plate, (c) front view, and
(d) side view.

A T-shape plate is suggested, which shall be welded to the beam at the factory, and
the plate is bolted to the column flange at the project site. Both bolted and welded joints
have five distinctive components: (1) connection plate; (2) beam; (3) column; (4) column to
connection plate; and (5) beam to connection plate. These elements are explained as per
the following:

A: Connection plate: The plate is in the form of a vertical plate and on-beam web and
column plate. Mainly, it is exposed to shear forces and bending moments and a little axial
force. The formation of a plastic hinge occurs first due to in-plane yielding. The panel
zone is designed for a yield of the region between the face of the column flange and beam
ends. The only inelastic region of the connection is the area between the face of the column
flange and beam endings. The plate is the only element of the connection that is yielded
and absorbs energy and acts as a fuse and prevents other elements from entering into the
inelastic region.

This plate has sufficient flexural capacity to encounter the bending moments caused
by different loading combinations mentioned in the guidelines. The plate’s plastic hinge
region shall be designed in a way to have sufficient ductility and meet the required joint
rotation. On the other hand, the plate shall be designed in a way to have enough rotational
stiffness to keep the floors drifts within the permitted threshold. The main parameters in
designing joint plates include depth and thickness, the free distance between beam ending
and column surface, and panel zone materials. The effect of these parameters on strength,
stiffness, and ductility shall be considered.

B: Beam: By using the connection plate in this joint as a fuse, it is expected that
the beam behaves at the elastic region due to lateral loading, which is one of the main
advantages of this joint. In this joint, the beam shall be designed in a way to meet strength
requirements against weight loads and lateral load stiffness.

C: Column: Due to using a connection plate as a fuse and its position in the vicinity
to the column face, it is expected that the column remains in the elastic region (merely
through limiting column web yielding). Regarding such a case, a column is exposed to a
plastic moment. The small plastic moment capacity of the connection plate in comparison
to the beam (approximately 60–80% of beam plastic capacity) results in yielding of the
column web and a decreased need for doubler plates for most cases. On the other hand, no
direct connection is developed by beam web to column web. Therefore, it causes a decrease
in stress concentration, deformation, and changes in the shape of column webs or local
yielding column web, local buckling of column web, and detachment of web. On the other
hand, the continuity plate is rarely needed for this system. Therefore, there is no need to
observe a “weak beam–strong column” criterion in this system [26,27].

In addition to the new plate moment connection, other traditional and well-established
steel connections such as shear and semi-rigid connections can also be used in the proposed
shear wall system without affecting the benefits due to the separation of the infill wall from
the boundary column. As a result of the elimination of the need to connect the infill plate
to both beams and columns, this can be a good option for use in the structural system. The
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infill plate modules are connected to the beams through fish plates that have been welded
to the beams in the factory. After transferring to the site, the infill plate was connected to
the fish plate by high strength bolts and welded directly to the PMC.

2.2. Finite Elements Modeling and Validation

In this part, different parts of numerical modeling are presented together with val-
idation models and applying the boundary conditions, loading, and their details. After
comparing and examining numerical models with experimental results, a numerical model,
including a thin SPSW with a PMC, will be investigated. Therefore, validation shall be
made in two parts. The first part of validation is related to the model with a connection
plate, which prevents direct interaction between the beam and column, and the second
part of validation is about the performance of various types of SPSWs.

2.2.1. First Part of Validation

An experimental model made by Guo et al. [28] is used for joint plate numerical
model validation. They tested six experimental specimens from beam to column moment
connection with changes to different parameters such as the ending plate thickness, the
existence of a stiffener for the ending plate, and the column web stiffener, which was
exposed to cyclic loading. In Figure 2, the geometrical details of the connection had
been given.

Figure 2. Geometrical details of the specimen [28] (units are given in mm, LVDT: linear variable differential transformer,
PL: plate).

The S-3 model [28] was selected for numerical validation. In this model, both stiffeners
for the ending plate and column web were available. Eight high-strength bolts (yield stress
is 960 MPa and final yield stress is 1040 MPa) were used for the ending plate to column
joint. Whereas it had been mentioned in a report presented by authors that no slipping and
yielding had occurred in the bolts. Therefore, in numerical modeling, the bolts modeling
had been ignored due to increasing analysis time and contact property between different
parts. The “tie” option had been used for connecting all parts, which were welded [29,30].
All members are of steel material (yield stress of 310 MPa and final yield stress of 480 MPa).
A concentrated load of 500 kN has been exerted permanently to the top of the column
during loading, which is roughly 20% of the column yield force.

The plastic damages model for steel materials has been applied to defining the steel
constitutive material behavior. Fracture strain was taken as 0.12 to determine the parame-
ters of this model through trial and error. In Figure 3, a comparison has been made between
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the force–displacement curves of the experimental specimen and the numerical model. The
displacement was read from the beam ending, and the rotation was calculated considering
a distance of 1765 mm between this point and the middle of the column web. On the other
hand, the distance between the two upper and lower points of the two-column supports is
1900 mm, whilst the x-direction reaction has been multiplied with one of these two distances
to reach a flexural moment. Considering Figure 3, it is seen that the maximum tolerable
bending moment for the experimental specimen is equal to 140.2 kN.m, while this value in
the numerical model is 136 kN.m (a 3% decrease). Furthermore, the experimental speci-
men’s initial elastic stiffness is equal to 9410 (kN.m/rad), which shows a rough difference
of 3% in comparison to the numerical model (numerical elastic stiffness has been achieved
to be 9129 kN.m/rad). In addition to the comparison given in Figure 3, a comparison has
also been conducted between experimental and numerical model results in the form of
pushover curves and stiffness changes in periodic cycles in Figure 4. On the other hand,
according to the presented report, the failure mode of both the experimental specimen and
numerical model occurred under similar status. According to the results, it may be inferred
that the relevant model has similar behavior to that of the experimental specimen.

Figure 3. Load–displacement curves of the numerical model and the experimental specimen: (a) sensitivity analysis and
(b) bending moment-rotation curves.

Figure 4. Stiffness changes in different cycles: (a) bending moment–rotation relationship, and (b) stiffness changes in
different cycles.
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2.2.2. Second Part of Validation

In this section, seven experimental test models from previous studies were selected
for simulation and validation purposes. One of these specimens was a one-floor, one-span
frame (SPSW2), which was tested by Lubell [8]. The other three specimens were with 1

2 scale
on three-floor, one-span frame specimens (SC2T, SC4T, SC6T) studied by Park et al. [31].
The main difference in these three specimens was in the steel wall thickness, resulting in
a general behavioral change of the system from bending to the shear failure mode. The
three remaining specimens were of the one-span, one-floor frame type, studied by Vian
et al. [9]. In these specimens, steel walls had several circular openings. Selected specimens
included a wide range of single and multiple floor frames, moment, and shear failure
modes, walls with suitable and insufficient design approach with weak boundary elements.
Figure 5 shows the numerical FE models’ geometrical shapes. The sections and mechanical
specifications of materials had been given in Table 1.

Figure 5. Selected experimental specimens for numerical simulations: (a) tested specimens by Park et al. [31], (b) specimen
SPSW2 tested by Lubell [8], and (c) tested specimens by Vian et al. [9].
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Table 1. Geometrical dimensions of structural sections and mechanical properties of materials.

Ref. Specimen
Name

Fyp
(MPa)

Fu
(MPa)

Fy
(MPa)

tcw
(mm)

tcf
(mm)

hc
(mm)

wcf
(mm)

tp
(mm)

tbw
(mm)

tbf
(mm)

hb
(mm)

wbf
(mm)

Park et al. [31]
SC2T 240 450 240 20 20 250 250 2 16 16 200 200
SC4T 330 510 330 20 20 250 250 4 16 16 200 200
SC6T 330 510 330 20 20 250 250 6 16 16 200 200

Vian et al. [9] S2, P, CR 165 550 345 13 19.2 470 190 2.6 10 19.2 466 190

Lubell [8] SPSW2 320 555 380 4.3 6.6 76 59 1.5 4.3 6.6 76 59

wbf = width of beam flange, hb = height of a beam, tbf = thickness of beam flange, tbw = thickness of beam web, tp = thickness of a steel
wall plate, wcf = width of column flange, hc = height of column section, tcf = thickness of column flange, tcw = thickness of column web,
Fy = yield stress of boundary elements, Fu = ultimate stress of boundary elements, Fyp = yield stress of steel wall plate.

Specifications of Elements and Sensitivity Analysis

HBE, VBE, and infill plate elements had been modeled using the S4R element [25].
The S4R element is a four-node shell of the first-order type with six degrees of freedom for
each node [32]. In all numerical models, the hourglass control method was used for the
ABAQUS FE program [25] to consider moment and membrane stiffness, whereas boundary
elements joined to steel plate walls had been welded. To do so, it is presumed that the steel
wall plate is directly connected to HBE and VBE. The meshing model had automatically
been considered for the entire structure of the program. Pushover non-linear static analysis
was conducted, and certain criteria were considered to determine the size and number
of meshes. These parameters included maximum general displacement of the system,
maximum Von Mises stress, roof displacement, and base shear. All program warnings
were evaluated in all loading stages during analysis. The presented numerical model was
in conformity to the SC6T experimental specimen of Park et al. [31]. As it is observed, by
an increasing number of elements, the general quality of elements is promoted, and the
maximum Von Mises stress is converged. For some of the mentioned parameters, a limited
lack of smoothness is seen. However, the calculated errors in all cases are less than 0.5%
(except for the total displacement, which is less than 1.5%). Therefore, it is used as per
Mesh No. 3 in Table 2 for analyses.

Table 2. Sensitivity analyses of SC6T model.

No. Number of
Points

Number of
Elements

Elapsed
Time (s)

Element Quality Error Average

Standard
Deviation Average Base Shear Roof Dis-

placement
Max.
Stress

Max. Dis-
placement

1 3467 3276 343 0.1642 0.9134 0.32% −0.13% −9.94% −2.34%
2 8643 8307 649 0.0685 0.9632 0.11% 0.33% −4.03% −2.84%
3 10,645 9892 890 0.113 0.9601 0.22% 0.21% −0.05% −1.33%
4 13,659 13,489 1876 0.0369 0.9844 - - - -

Initial Imperfection

Initial imperfection was considered in steel sheets based on two cases: (i) in fact,
frame-filling steel plates are exposed to limited deformation due to manufacturing and
displacement process; and (ii) analysis shall face non-linear buckling. Its reason is for
the hard work to calculate the fully smooth plates’ initial buckling, in which case several
convergence problems shall emerge. Therefore, calculating initial geometrical incomplete-
ness manually both in terms of execution and analysis is mandatory. Various values were
considered to study the effect of such an initial geometrical imperfection effect. The ini-
tial imperfection was determined based on the elastic buckling mode shape. Maximum
buckling values vary between 0.01 and 2% of plate width. On the other hand, in a study
conducted by Alinia and Sarraf Shirazi [33], they argued that due to the thin nature of
steel shear walls, these buckle in the very early stages and their post-buckling behavior
will not have a significant effect on initial geometrical imperfection level imposed to the
model. Apart from the post-buckling behavior, initial local buckling is one of the essential
aspects of this system behavior, which shall be considered. In Figure 6, the results of the
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analysis up to steel plate yield have been shown. A little difference is seen in the base shear
force—roof displacement relationship. The stiffness–displacement graph provides more
details on buckling behavior during the early stage, as shown in Figure 6b. As may be
seen, in case the initial geometrical imperfection value is too large, then the buckling is
not identified in the early stages using numerical modeling. Therefore, 1% as geometrical
imperfection was chosen for the numerical model to compare with experimental specimen
initial stiffness. Finally, according to the experimental results, a 1% value was selected for
considering the initial geometric imperfection.

Figure 6. Effect of geometrical imperfection on the behavior of steel plate shear wall system: (a) base shear–roof displacement
relationship and (b) stiffness changes rather than roof displacement.

Materials Constitutive Model

The stress–strain curves in two different types of loading (i.e., monotonic and cyclic)
may be different. Under cyclic loading, the material’s response continues to achieve
sustainability. Considering the material nature and stability upon loading commencement,
the materials may experience hardening/softening under loading. To use structural steel
commonly, it is expected that strain hardening is accompanied by increased plastic strain
during cyclic loading. Simultaneously, it is expected that the Bauschinger effect, as one of
the common softening phenomena during cyclic loading, is seen during reverse loading.

Apart from the simple complete elastoplastic model, with or without strain harden-
ing, different materials constitutive models have been suggested to identify stress–strain
response for monotonic and cyclic loading statuses, of which the Ramberg–Osgood [34]
and the Menegotto–Pinto [35] may be mentioned. Due to profitable simplicity and limited
calculation time, the bilinear and trilinear model is more applicable and popular than the
real stress–strain curve. However, such a simplifying model cannot always be able to
express the cyclic behavior well. Often, exponential materials models may better express
strain hardening in cyclic loading. Therefore, in this study, the Ramberg–Osgood equation
is used to describe the non-linear relationship between stress and strain. It is especially
useful for metals that harden with plastic deformation. In Figure 7, the stress–strain curves
for all steel materials in this paper are presented.
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Comparing Numerical and Validation Models Results

Numerical models’ validation was investigated in terms of different aspects consid-
ering previous experimental studies and FE numerical models. According to Figure 8, a
comparison has been conducted between the results of the test (experimental) specimen
results exposed to cyclic loading and the numerical model exposed monotonic loading,
to enable estimating experimental pushover chart with proper accuracy. The suggested
models were correctly able to provide useful information on critical areas such as column
yield area, bending deformations at corners, and steel wall plate deformation. In Table 3, a
comparison has been presented for all models in the form of initial stiffness and maximum
lateral force values.

Figure 8. Cont.
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Figure 8. Comparison between numerical models (FEM) and experimental specimens (EXP): (a) com-
parison of load–displacement curves between numerical results and test results [31], (b) comparison
of load–displacement curves between numerical results and test results [9], and (c) comparison of
load–displacement curves between numerical results and test results [8].

Table 3. Comparison between numerical and experimental results.

Parameter Model
Lubell [8] Vian et al. [9] Park et al. [31]

SPSW2 S2 CR P SC6T SC4T SC2T

Elastic stiffness
(kN/mm)

Experimental 47.8 255.2 285.2 203.2 158.4 140.8 92.3
Numerical 44.5 253.4 293.2 215.3 165.5 137.3 96.8
Difference (%) −6.9 −0.7 +2.8 +5.9 +4.5 −2.5 +4.8

Maximum load
(kN)

Experimental 250 2091 2063 1772 3063 2485 1682
Numerical 241 2019 2134 1859 3100 2531 1653
Difference (%) −3.6 −3.4 +3.4 +4.9 +1.2 +1.8 −1.7
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3. Results
3.1. Investigating Adequacy and Adjustments in Original Model

A parametric study was conducted in the following to examine the effect of the
connection plate effect at the beam to column joint on SPSW system behavior. The FE
models were made as per AISC [18] regulations, and the SPSW systems were made using
a PMC and were both exposed to monotonic loading. The analytical model was based
on the experimental three-floor frame model of Park et al. [31]. All three SC2T, SC4T, and
SC6T models were put into non-linear static analysis in two forms. In the first form, there
was a beam to column direct joint as per validated models, while in the second, a PMC
was used as per Figure 9. The shape of these plates was trapezoidal, and the geometrical
details thereof have been given in Figure 9. Notably, the geometrical details of this plate
have been selected as per recommendations given by a relevant study conducted by Qian
and Astaneh-Asl [36]. On the other hand, the connection between the beam and the steel
plate wall was rigid, and the infill wall was quite close to the column and had no direct
interaction with the vertical elements [37]. Disconnecting the steel plate shear wall from
the columns resulted in some important effects. The columns developed much smaller
bending moments and axial forces and remained straight and essentially elastic. Therefore,
there was a slight loss of shear capacity of the steel plate shear wall.

Figure 9. Geometrical features and location of the absorber plate in the steel plate shear walls
(SPSW) system.

In Figure 10, a comparison between the two models’ behavior in terms of yield
mechanism and plastic hinge formation had been given in the 3% drift ratio. Therefore,
it was seen that using a yielding plate connection as a beam to column connection and
providing a distance of 5 mm separation of the steel plate wall from VBE managed to
keep the plastic region at the PMC, and this plate acts as a fuse. In the original model
(Figure 10a), it is seen upon the end of loading that all structural members play a role in
energy absorption and all these members’ plastic regions have been developed.

In Figure 11, a comparison had been conducted between the roof lateral force–displacement
chart for original and adjusted models. Considering the foregoing comparison, and notwith-
standing acquiring desirable results on the method of formation of plastic zones in the
system, it was seen that the original model stiffness is approximately 50% higher than that
of a modified model, and the load-bearing capacity is also bigger for 80%.



Metals 2021, 11, 604 13 of 19

Figure 10. Forming of plastic hinge location in the initial and modified models: (a) original model
and (b) modified model (PEEQ: represented in ABAQUS as the equivalent plastic strain, SNEG:
surface negative).

Figure 11. Comparison of load–displacement curves between the initial and corrected models.

3.2. Lateral Stiffness Effect

According to Figures 10 and 11, certain adjustments were given to promote the
performance and capacity of the previous system. Vertical edge stiffener has been utilised
at SPSW edges to prevent the free edges out-of-plane deformation (obviously visible on
3rd floor), delay SPSW elastic buckling prior to applying the main load, and participate of
SPSW in the formation of plastic hinge. The width and thickness of these stiffener strips
are 100 mm and 8 mm, respectively. The philosophy of using the strengthening method
was based on the failure mechanism for plate girders. In all models, the stiffener was
only connected directly to the beam. In Figure 12, the load–displacement relationship was
shown for both types of models.

Considering the findings, it was seen that the discontinuity between SPSW and VBE
resulted in two important effects: (a) columns were exposed to limited flexural moments
and axial forces, and they remained in an elastic region without deformation; (b) limited
loss was seen in SPSW load-bearing capacity, which was due to reduced tension field
region width, which in turn resulted in a decline in the shear loads tolerated by VBE due
to separating SPSW. The decrease in flexural demand in columns was one of the quite
important advantages of this connection method, which had well been able to address the
disadvantages of these common SPSWs, which were heavy and excessively big as per the
design guidelines.
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Figure 12. Load–displacement curves of initial models and corrected models equipped with stiff-
ener plates.

A limited decrease in shear capacity was easily possible through selecting a thicker
steel plate or by taking benefit from strong lateral stiffeners. By increasing the thickness
of the wall steel plate, the shear strength and stiffness increased. On the other hand, the
lateral stiffeners had larger flexural stiffness and in-plane strength, which may extend the
tension field area and provide excessive lateral strength through developing plastic hinges.

3.3. Effect of Connection Plate Thickness

The main parameter in an analysis at this part was the PMC thickness, which was
considered as 6.5, 13, and 26 mm. Different thicknesses of the PMC resulted in various
plastic moment capacities and variable rotational stiffness for the beam to column joints. In
Figure 13, the pushover curves had been given as per the SC4T model using three different
values for PMC. As expected, a change in the connection plate thickness mainly affected
the frame behavior and had a limited effect on the steel wall capacity. Therefore, separating
the SPSW and VBE enabled designers to easily decide on selecting a relative share of steel
walls for tolerating shear. In accordance with Figure 13, by increasing the thickness from
6.5 to 13 mm, the lateral load-bearing capacity and initial stiffness increased by 1.7 and
1.8 times, respectively. If the thickness of the connection plate is quadrupled, the load
capacity and initial stiffness will increase by 2 and 3.3 times, respectively. Furthermore, the
value of energy absorption was enhanced by 2.5 times.

Figure 13. Load–displacement curves of numerical models with different thicknesses of plates.

Generally, the system had satisfactory performance, which may be due to showing
relatively equal strength and stiffness with the model where the beam was directly welded
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to the column. By changing in geometry and thickness of the connection plate and relevant
ductility, the desired rotational stiffness and flexural strength may be achieved. Among the
three introduced values for connection plate thickness, that of 26 mm had the best value in
terms of performance.

3.4. Effects of Free Length

Lateral instability of the thin connection plate has a negative effect on the performance
of SPSW. The ratio of b/t restrains the local buckling of thin plates. In accordance with
ANSI/AISC 360-10 [19], the b/t ratio smaller than 25 is not an important issue for a
compressive element. By decreasing the free gusset length, the overall shear capacity of the
beam-to-column connection increased, and there were fewer out-of-plane deformations of
the gusset plate. Assuming an effective length factor of 0.75, with a limiting slenderness
ratio factor of 0.8 to account for the cyclic effect, this slenderness requirement can be
incorporated to an Lfp/tp of 7.696 (calculated from 0.75 × Lfp/tp ≤ 0.8 × 25), proving that
this requirement is automatically satisfied by the above-recommended free-connection
length range. The behavior generally agrees with the parametric analysis of the shallow
beam. A shorter Lfp relates to greater local demand. The global curves of hysteresis are
similar, as both cases were developed to follow the same strength requirements.

3.5. Effects of the Ratio of Plastic Bending Moment

The ratio of the connection’s plastic moment capacity to that of the beam (i.e., Mpc/Mpb)
was defined as a moment capacity ratio. This had been shown to have a marginal influence
on the entire behavior of load-elongation, but it may induce various system yield mech-
anisms. Almost all inelastic deformation in cases with Mpc/Mpb < 1 was localised in the
plate that acts as a fuse, while the beam remained elastic (Figure 14a). However, for cases
of Mpc/Mpb > 1, the beam yielded in comparatively wide regions (Figure 14b).

Figure 14. Effect of the ratio of plastic bending moment on the failure mechanism of the plate as a
fuse and the beam: (a) concentration of plastic hinge in the connection plate and (b) beam yielding.

The beam failure was unfavorable and contradicted the performance requirements
established for the connection. Hence, it was necessary to maintain the inelastic bending
moment ratio Mpc/Mpb below 1, in order to completely accomplish the desired perfor-
mance expectations.

According to the previous two situations, Figure 15 shows the plastic strain changes
in the two members of the beam and the connection plate. According to status (a), the
plastic strain on the connection plate has exceeded the allowable limit (0.15). This situation
becomes more critical when the plastic bending capacity of the connection plate is higher
than that of the beam. So, the plastic strain of the beam also exceeds its limit (Situation (b)
in Figure 14).
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3.6. Suggesting Steel Wall Shear Capacity Formula

An unbuckled steel wall that was exposed to shear, compressive, and tension stresses
was made with angles of 45 and 135◦. Wagner [5] suggested a new load-bearing mechanism
in the form of a tilted tension field, which was developed to tolerate excessive load upon
plate buckling. First of all, Wagner [5] determined the tension field angle on an aluminum
plate. The main assumption was that flanges may tolerate lateral load from the tension
field with large deformations.

Results of the study conducted by Thorburn et al. [38] (presuming that solely forces
are absorbed by the system) to determine the tension field angle and the shear capacity
resulted in the following formulas:

α = cot

√(
1 +

tpLc

2Ac

)
/
(

1 +
tphb

Ab

)
(1)

V = 0.5 fyptpLc sin(2α) (2)

where α, V, tp, Lc, Ac, hb, Ab, and fyp are the tension field angle, the shear capacity, the
steel wall plate thickness, the net distance between columns, the boundary column area,
the net distance between beams, the boundary beam area, and the steel wall plate yield
stress, respectively.

Timler and Kulak [6] realised the necessity of adding the peripheral elements flexural
strain energy (especially columns). In addition to the strain energy developed by the web
plate tension field action, they considered the axial strain energy of beams and columns
as well. Eventually, their achievement was given in AISC [19]. The following formulas
could predict with good accuracy for rigid boundary elements or with a tension field angle
of 45◦.

α = cot

√√√√√ 1 + tp L
2Ac

1 + tph
(

1
Ab

+ h3

360Ic L

) (3)

V = 0.5 fyptpLc sin(2α) (4)

where L, h, and Ic are the center-to-center distance of columns, the floor height, and the
peripheral column moment of inertia, respectively.

Now, supposing that the beams are rigid and the columns are ductile, the tension
field angle will not be related to the boundary element details anymore and shall solely be
related to steel wall-size ratios.

α = 0.5 tan−1
(

L
h

)
(5)
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V = 0.5 fyptpL tan(α) (6)

By removing the boundary elements contribution, the foregoing expressions suggest
a conservative estimation of the tension field angle. For instance, Formula (5) predicted
an angle of 28◦, while the angle observed by experimental studies [39] and the herein
numerical studies was between 30 and 35◦.

4. Conclusions

In this study, a cost-effective and good-performance approach of a thin SPSW equipped
with a yielding PMC was presented and studied in the form of 3D FE models using the
ABAQUS software under non-linear static analysis. Incorporating the PMC into the SPSW
system, and separating the infill wall from the boundary columns, a SPSW system was
developed. A model of the moment connection was validated using a connection plate in
the plane of the beam web and column web together with eight experimental specimens,
and the numerical model’s performance accuracy was ensured. Extensive numerical
models were simulated from the SPSW, and the effect of parameters such as the connection
plate thickness and the existence of vertical edge stiffeners on the system behavior were
studied. The main study findings are given in the following.

1. The numerical model was validated using eight experimental specimens of SPSW consid-
ering materials’ different mechanical specifications, different number of floors, and shear
and flexural yield modes. The difference between the numerical model and experimental
specimens was achieved to be less than 7% in terms of load-bearing capacity.

2. Using an absorber connection plate and the existence of a narrow gap between the
SPSW and VBE resulted in the development of a plastic hinge in the panel zone and
acted as a fuse.

3. By using connection plate and vertical edge stiffeners, numerical models were able
to provide elastic stiffness and capacity equal to an experimental specimen of the
direct beam to column joint, which in turn caused that the columns are exposed to
limited axial forces and bending moments and remain in an elastic region without
deformation.

4. Using vertical side stiffeners increases the bearing capacity and energy absorption in
the normal SPSW, which has a narrow gap to the columns. The load-bearing capacity
and initial stiffness in the modified model increased by 80% and 50%, respectively.

5. The best performance of the connection plate was observed for a plate with a thickness
of 26 mm. The load-bearing capacity, energy absorption, and elastic stiffness increased
approximately 2, 2.5, and 3.3 times, respectively, as the plate thickness increased (from
6.5 to 26 mm).

6. The ratio of free length to thickness of the PMC requirement can be incorporated to
a Lfp/tp of 7.696. In addition, by increasing the bending moment capacity ratio over
than one, yielding of the beam occurred. In other words, all inelastic deformation is
concentrated in the PMC for the ratio below one, and the other structural members
are maintained in an elastic state.

7. By removing peripheral elements share, the expressions and formulations given in
the AISC provide a conservative estimation of the tension field. According to the
formulas, a 28◦ angle is indicated, whilst the angle observed by experimental studies
and the herein numerical studies was between 30 and 35◦.
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