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Topology optimization of steel plate shear walls in the moment frames
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Abstract. In this paper, topology optimization (TO) is applied to find a new configuration for the perforated steel plate shear
wall (PSPSW) based on the maximization of reaction forces as the objective function. An infill steel plate is introduced based on
an experimental model for TO. The TO is conducted using the sensitivity analysis, the method of moving asymptotes and SIMP
method. TO is done using a nonlinear analysis (geometry and material) considering the buckling. The final area of the optimized
plate is equal to 50% of the infill plate. Three plate thicknesses and three length-to-height ratios are defined and their effects are
investigated in the TO. It indicates the plate thickness has no significant impact on the optimization results. The nonlinear
behavior of optimized plates under cyclic loading is studied and the strength, energy and fracture tendency of them are
investigated. Also, four steel plates including infill plate, a plate with a central circle and two types of the multi-circle plate are
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introduced with equal plate volume for comparing with the results of the optimized plate.
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1. Introduction

Steel plate shear walls (SPSW) have been considered as
a suitable lateral resistance system in the recent decades.
Features of this system include large energy dissipation
capability, stable hysteretic behavior, they are much lighter
and thinner in comparison with RC shear walls, fast in the
erection process, applicable for the seismic retrofit, and
have an integrated system in comparison to the braced
systems. SPSWs resist the lateral loads through the diagonal
tensile field. Diagonal tensile field generates yield points in
the plate and consequently dissipates the induced energy by
the lateral loads. Simultaneously with the forming of
diagonal tensile field, buckling occurs in the other diagonal
direction. The buckling causes the stiffness reduction and
pinching behavior. According to the U.S. building codes
(AISC360 2010), SPSWs should be used with the moment
frames in order to mitigate the negative effects of plate
buckling.

So far, many experimental studies have been done on
the effects of holes on the SPSW behavior and various
forms (see Fig. 1) have been proposed for the PSPSWSs
(Vian et al. 2009, Valizadeh et al. 2012, Matteis et al. 2016,
Nassernia and Showkati 2017, Shekastehband et al. 2017).
Also, there are a number of numerical and parametrical
studies which were conducted on the PSPSWs. Chan et al.
(2011) studied the effects of holes’ diameter and plate
thickness on the strength and stiffness of PSPSWs under a
monotonic loading. Bhowmick et al. (2014) predicted the
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shear strength of the PSPSWs considering the change in the
number and diameter of the holes and the aspect ratio of the
frame.

Formisano et al. (2016) investigated the effects of the
number and diameter of the holes, the plate thickness and
the metal material on the PSPSWs based on an
experimental model. Mustafa et al. (2018) studied the
behavior of the un-stiffened, stiffened and stiffened with
different openings shape based on an experimental model.
Considering the conducted studies, a mathematical process
is required for finding the optimal form of PSPSWs.
Topology optimization (TO) could be an effective tool for
determining the optimal form of PSPSWSs. TO determines
the best form of material configuration within a given
design space, set of loads, boundary conditions and
constraints.

TO can be divided into two parts: the first is the TO of
skeletal or truss structures that has a discontinuous nature.
In this case, the volume of the consumed material is very
low in relation to the total volume of the structure
(problems with a low volumetric ratio). The second part is
the TO of continuous structures, which has continuous
nature and a high volumetric ratio. The first numerical
solution for TO problems of continuous structures, in which
finite element method was assisted, was published by
Bendsge and Kikuchi (1988). In their paper, the
homogenization method was used to solve the TO of
structures. This method led to a significant increase in the
researches. With the spread of computer science, TO was
applied to the practical models and structures such as
cantilever and simple beams (Roodsarabi et al. 2016a, b,
Khatibinia et al. 2018), concrete structures (Gharehbaghi et
al. 2016, Zhiyi et al. 2018), building outrigger truss (Lee et
al. 2015), braced frames (Stromberg et al. 2012, Kutuk and
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Fig. 1 Experimental studies of PSPSW

() Perforated steel beam (Tsavdaridis et al. 2015); (11) blanking press (Zhao et al. 2016); (111) Braced frame (Kutuk
and Gov 2014); (1V) photovoltaic panel connector (Lu et al. 2017); (V) steel bridge (Jansseune and Corte 2017)

Fig. 2 Topology optimization studies

Gov 2014, Qiao et al. 2016, Zhou 2016), thin plate on
elastic foundation (Banhd et al. 2018), single layer domes.
(Gholizadeh and Barati 2014), railways (Das et al. 2011),
space structures (Dehghani et al. 2016, Mashayekhi et al.
2016), bridges (Kutytowski and Rasiak 2014, Jansseune and
Corte 2017).

Also, robust programs were developed for TO such as
TOSCA, Genesis, Altair Hypermesh, BESO and
ParamMatters. Recently, a number of studies have been
presented that optimize the topology of structures such as
the roller bearing housing (Kabus and Pedersen 2012),
buildings subjected to wind load (Tang et al. 2014), steel
perforated I-sections (Tsavdaridis et al. 2015), a 12000kN
fine blanking press (Zhao et al. 2016), photovoltaic panel
connector (Lu et al. 2017), and steel railway bridge
(Jansseune and Corte 2017) using these programs (see Fig.
2).

In this paper, TO is used to determine the optimum
configuration of PSPSWSs. The optimization is conducted by
TOSCA (2013) that is combined with ABAQUS (2014). In
the second section, a numerical finite element (FE) model is
proposed based on an experimental model that was
presented by Alavi and Nateghi (2013). In the third section,
the TO methodology and parameters are described and
defined. In the fourth section, the results of TO are
presented and consequently, the optimum configurations of
PSPSWs are obtained. In the fifth section, the cyclic
behavior, energy dissipation and fracture tendency of the
optimized models are investigated and compared with the
other traditional models.
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lBOkN PL 70x20 lSOkN 2. Finite element modeling
2 HEB160 §§ The presented experimental model by Alavi and Nateghi
—> E (2013) is selected as the basic model for TO and analysis
\ ) (see Fig. 3). As shown in Fig. 3, the model has a thin plate
3 that is surrounded by a moment frame. The thickness of
3 plate is equal to 0.8 mm. The material properties of the
% plate and frame are presented in Table 1. Nonlinear
<) isotropic/kinematic hardening model is defined to simulate
the behavior of materials. It is more accurate in predicting
the behavior of steel under cyclic loading (ABAQUS
2014). The automatic stabilization is used for considering
buckling, wrinkling and material instability. In the
HEB160 automatic stabilization method, a constant damping factor is

Fixed Support (PL 250x35) any )
Fig. 3 Experimental model specifications (all dimensions global equilibrium equation (Eg. (1)).

are in millimeter)

Table 1 Material properties definition

P-1-F,=0, F,=cM7, =2

where P and | is the external and
respectively, F, is viscous forces, ¢ is a damping factor, M

utilized in any nonlinear quasi-static procedure based on the
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on both columns that is equal to 80 kN. The frame and plate
are modeled with a 4-node shell element (S4R). The size of
the mesh in the plate and frame is equal to 30 mm. The
analysis is conducted in the static module and the effects of
nonlinearity in material and geometry are considered. The
cyclic curves of the numerical and experimental models are
compared in Fig. 5. Also, the deformed shape of the plate is
presented in Fig. 6 for both numerical and experimental
models.

The results illustrate the proposed numerical FE model
has appropriate compliance with the experimental model.
The perfect conditions of finite element model especially in
the beam-column moment connection, the using of tie
connection replacing welded connection, and defined
hardening material properties cause a reasonable difference
(in the pinching behavior) between the cyclic curves of
experimental and numerical models.

3. Topology optimization method

The objective function, constraint, conditions, stop
criteria and the solution method are described in this
section. Based on the proposed finite element model in the
previous section, the effects of nonlinear behavior
(geometry and material) and buckling are considered in TO.
The objective function is the sum of reaction forces. A
monotonic loading equal to 120 mm displacement in the
right direction is applied to the models.

It was shown that small holes do not have very little
effect on the SPSWs behavior with moment frame (Alavi
and Nateghi 2013). In this paper, the total area of the
openings is equal to 50% of the total area of the original
plate. So, the volume fraction of plate in the optimization
process is considered 0.5. Also, the symmetry of plate about
both axes (horizontal and vertical) at the center of the plate
is considered.

The sensitivity-based method is used for TO. Sensitivity
method is a general algorithm that could be used for
structural and non-structural problems with large scale.
Also, various types of objective function could be applied to
this method (Bendsge and Sigmund 2003, TOSCA 2013).
In the sensitivity analysis, the density (design variables) of
all elements is reduced to the predicted volume fraction. In
the next step, the FE analysis is done and based on the
objective function, the effective elements are recognized
using sensitivity analysis. The effective elements must be
retained and the other elements must be eliminated. For this
purpose, the SIMP (Simple Isotropic Material with
Penalization) method is utilized for implementation of
material interpolation. This method is a power law to
interpolate the density of material based on the penalization
(p). The studies showed that the best value for penalization
is equal to 3 (Bendsge and Sigmund 2003). In each
iteration, the method of moving asymptotes (MMA)
(Svanberg 1987) is used as the mathematical programming
to update the design variables. In this method, a strictly
convex approximation sub-problem is generated and solved
in each step of the iteration. In general, according to the
maximization of the sum of reaction forces as the objective
function (®) and SIMP method, the TO formulation could

be written as follows (Eq. (2))
max: @ = KU
U = K'F where K :Zpe”ke

. V(X
subjected to: #g f whereV (x) =" peV,

0
ngmin < Pe <1

@

where j is the node or nodes that constrained by the fixed
support (the nodes in the fixed support zone). K;
corresponds to a row of the global stiffness matrix (K) that
belonging to the node j considering to the loading direction,
U is the global displacements vector, F is the global
external forces vector, ke, Ve and p. are the element stiffness,
volume and density respectively, V(x) and V, are the
material volume and design domain volume, respectively, f
is the prescribed volume fraction (f = 0.5), and p is the
penalization power according to the SIMP method (p = 3).

In fact, no element in TO is eliminated, but its density
decreases. If any of the elements are removed, in each
iteration, the mesh must be renewed, which is very time-
consuming. On the other hand, the density of the element
cannot be equal to zero because it causes a singularity in the
problem-solving. So, a minimum density (pmin) for each
element must be defined. Herein, the minimum density is
equal to 0.001.

MMA approximates a function () of m real variables x
= (X4, ... , Xn) around a given iteration point x° by Eq. (3)

- r S;
x) =y (x°) + Ly
() =y (x°) ;(ui—xi Xi_LiJ
subjected to:
3
it Y 0o = (U —x2 2L 0 and s, =0 @)
0% 0%

L0 0
|fa—t<0:>n —0and s, :-(x?-Li)2a—"’_(x°)

1 1
where U; and L; are the upper and lower of vertical
asymptotes for the approximations of .

The optimization is performed iteratively until one of
the stop conditions is satisfied. The number of total
iterations is the first stop condition. The changes of the
configuration in the TO iterations are very small and
ignorable when the rate changes of the objective function
and elements density are very decreased. So, to prevent the
doing of extra iterations, the rate changes of the objective
function (l;) and average changes of elements density (1))
are considered as the stop conditions as follow

|®n+l - ®n| <

—xl 4
|®n+1| 1 ( )

|pn+1N—_’%|g|2 (5)

where n is the number of iterations and N is the total
number of elements.
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(a) Aspect ratio = 0.67

(b) Aspect ratio = 1.0

(c) Aspect ratio = 1.5

Fig. 7 Initial model for topology optimization

In this paper the maximum number of iterations is equal
to 100, the maximum rate change of the objective function
is equal to I; = 0.001 and the maximum average change of
elements density is equal to I, = 0.003. Also, at least four
iterations must be conducted to terminate the TO. It should
be noted that the number of iterations and the values of stop
conditions are determined using trial and error on the
models to obtain a clear optimized topology.

4. Topology optimization scenarios and results

Three Length-to-Height (L/H) ratios of the plate are
defined for TO that are based on the presented model in the
second section. Two popular amounts of length-to-height
ratio in the buildings are equal to 1.0, 1.5. Also, around the
stair boxes is one of the suitable positions for placing the
bracing or SPSW but, the length-to-height ratio is usually
less than 1.0. As shown in Fig. 7, the amounts of aspect
ratios (L/H) are respectively equal to 0.67 (Mc1), 1.0 (Mb1)
and 1.5 (Mal). Also, three thicknesses for each aspect ratio
are considered. According to FEMA450 (2003), the
minimum and maximum plate thickness are equal to Eq.6
and Eq. (7) respectively.

/ E  min(H,L) min(H,L) |f,
2B [—>—mL =t iy > ———— [ — 6
fy t w(min) 25 E ( )

w

LI,

where t,, is the plate thickness, H is the height of plate, L is
the length of plate, f, is the specified minimum yield stress,
E is elastic modulus and I; is the moment of inertia of the
column. Minimum thickness is equal to 1.13 for 0.67 and
1.69 for 1.0 and 1.5 aspect ratios. The maximum plate
thicknesses for 0.67, 1.0 and 1.5 aspect ratio are
respectively equal to 3.2 mm, 4.7 mm and 7.04 mm.
Therefore, the defined thicknesses for the perforated plates

1.000

i

0.833 0.667 0.500 0.334 0.168 0.001

[ —

o) < 0.00307H* @ Fig. 8 The results of TO for plate with 8 mm thickness
Table 2 Topology optimization definitions and results
Model name Aspect ratio Plate thickness Initial v_olume Final vc_)lume Initial _objective Final pbjective I\_Iumb.er of
(mm) fraction fraction function (kN)  function (kN) iterations
Mc1.t2 0.67 2 0.5 0.4999 435.43 466.62 78
Mcl.t4 0.67 4 0.5 0.5000 467.86 543.14 80
Mc1.t8 0.67 8 0.5 0.5000 537.85 704.70 77
Mb1.t2 1 2 0.5 0.5000 575.17 617.22 80
Mb1.t4 1 4 0.5 0.4996 613.79 726.21 51
Mb1.t8 1 8 0.5 0.4998 706.65 1018.52 58
Mal.t2 1.5 2 0.5 0.4999 596.65 685.14 52
Mal.t4 15 4 0.5 0.4999 655.90 835.43 58
Mal.t8 15 8 0.5 0.4997 777.42 1193.50 65
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are equal to 2 mm, 4 mm and 8 mm that are named thin,
moderate and thick plates respectively. Finally, there are
nine scenarios for TO in total. The definitions and results of
TO are presented in Table 2.

The results illustrate that TO terminates without
carrying the total number of iterations. The maximum
number of iterations is equal to 80 that belonged to the
Mcl.t4 and Mb1.t2 models. The final optimized configura-
tions are indicated in Fig. 8. The results show that the plate
thickness is not considerably impacted on the TO results. It
only has a little effect on the model with 1.5 aspect ratio,
whose effects are negligible. The results of TO converge to
an X-shape as the optimized form of models with aspect
ratios 1.0 (Mbl model) and 0.67 (Mcl model). The
optimized form for aspect ratio 1.5 (Mal model) is different
and is approximately combined from two X-shapes (XX).

Fig. 8 shows that the density of most of the remaining
elements is reached to p. = 1 and only a small number of
elements have the density of less than p, < 1 which are on
the edges (the configuration of optimized topology is clear).
It proves the determined values for the stop conditions (I,

angle of
inclination

—  lateral
diagonal load

folds

tensile
stresses

Fig. 10 The changes in the optimized form based on the
aspect ratio

and I,) are suitable and also prevent from the extra iterations
considering the time-consuming of the nonlinear analysis in
each iteration. As shown in Fig. 8, no slim and inapplicable
parts are created by TO in the optimized plates due to
nonlinear analysis. The plastic strain and buckling occur in
a slim part during a nonlinear analysis. So, it cannot be
effective in the maximization of reaction forces and
consequently, it is eliminated during iterations by TO.

The TO keeps the effective diagonal folds based on the
angle of inclination for maximization of reaction forces (see
Fig. 9). Also, the results show that for small amounts of
aspect ratio (L/H), a diagonal stripe is sufficient (X-shaped).
But, with the increase of aspect ratio and based on the angle
of inclination, the TO creates two stripes (XX-shaped) to
maximize the reaction forces. Herein, a parametric
investigation is done to find an aspect ratio that causes the
“X” form to change to the “XX” form. For this purpose, the
TO is done for changes in the length with 100 mm
increments. The results indicate that in the 1500mm length
(L/H = 1.25), the change from “X” to “XX” form occurs
(see Fig. 10).

For investigating the optimization process, the changes
in the amounts of the objective function and volume
fraction for models with the 8 mm plate thickness are
presented in Fig. 11. Also, the changes in the plate
configuration are shown in Fig. 12. The results indicate the
amounts of the objective function in each iteration are
increased while the sum of volume fraction during TO is
approximately constant (see Fig. 11). Also, the rate of
changes in the objective function with the increase of
iterations is decreased. As shown in Fig. 12, the amounts of
the volume fraction of all elements in the first iteration
(zero iteration) are equal to 0.5. With the increase in the
iterations, the volume fraction of effective elements in the
maximization of the objective function is increased. On the
other hand, the volume fraction of ineffective elements is
reduced. When the volume fraction of an element is equal
to pmin (0.001), the element is graphically eliminated. The
process of other models in TO is also the same as models
with the 8 mm plate thickness so, the presentation of their
graphs and figures is ignored.

5. Nonlinear behavior of optimized plates

In this section, the nonlinear behavior of the optimized
plates under cyclic loading is investigated. Also, based on
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Fig. 11 The values of the objective function and volume fraction during TO for 8mm plate thickness
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Table 3 Introduced models for numerical investigation

No Model name Plate form No Model name  Plateform  No  Model name Plate form Pl(?]tqemt;] K
1 Mc Noplate 17 Mb No plate 33 Ma No plate -
2 Mc0.t1 Infill plate 18 Mb0.t1 Infill plate 34 Ma0.t1 Infill plate 1
) 3 Mcl.t2 Mcl 19 Mb1.t2 Mb1 35 Mal.t2 Mal 2
;';{2 4 MR Mc2 20  Mb2t2 Mb2 36 Ma2.t2 Ma2 2
5 Mc3.t2 Mc3 21 Mb3.t2 Mb3 37 Ma3.t2 Ma3 2
6 Mc4.t2 Mc4 22 Mb4.t2 Mb4 38 Ma4.t2 Ma4 2
7 Mc0.t2 Infill plate 23 Mb0.t2 Infill plate 39 Ma0.t2 Infill plate 2
8 Mcl.t4 Mcl 24 Mb1.t4 Mb1 40 Mal.t4 Mal 4
Mgfa‘i?te 9 Mc2u Mc2 25  Mb2td Mb2 41 Ma2.t4 Ma2 4
10 Mc3.t4 Mc3 26 Mb3.t4 Mb3 42 Ma3.t4 Ma3 4
11 Mc4.t4 Mc4 27 Mb4.t4 Mb4 43 Ma4.t4 Ma4 4
12 McO0.t4 Infill plate 28 Mb0.t4 Infill plate 44 MaO0.t4 Infill plate 4
13 Mcl.t18 Mcl 29 Mb1.t8 Mb1 45 Mal.t8 Mal 8
14 Mc2.18 Mc2 30 Mb2.t8 Mb2 46 Ma2.t8 Ma2 8
15 Mc3.t8 Mc3 31 Mb3.t18 Mb3 47 Ma3.t8 Ma3 8
16 Mc4.18 Mc4 32 Mb4.t8 Mb4 48 Ma4.t8 Ma4 8
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the conducted studies, three traditional configurations of
PSPSW, a model with infill plate and a frame without plate
are presented and their results are compared with the
optimized models. Herein, the material volume of
optimized, perforated and infill plates for similar aspect
ratio and thickness is equal. As shown in Fig. 13, three
traditional perforated plates are presented including a plate
with a central hole and two plates with multi holes for each
aspect ratio. According to the equality in the material
volume of the plates, the effects of enhancement of the
holes number and the reduction of holes diameter in the
cyclic behavior are investigated and compared with the
optimized plates. Considering the increase in manufacturing
costs of the optimized and perforated plates with multi
holes, the use of them should be led to improvements in the
cyclic behavior. Also, considering the plates thickness and
changes in the strength and ductility, the use of the
perforated plates replacing the infill plate should be
reasonable. In addition, the effects of plate thickness and
aspect ratio are significant in the cyclic nonlinear behavior.
Therefore, a comprehensive comparison is required for
judging and deciding to select a type of shear plate model
with respect to the aspect ratio and plate thickness.

The dimensions of the optimized and perforated plates
are indicated in Fig. 13. For nonlinear analysis of each
model under cyclic loading, a finite element model is
produced using ABAQUS. Excluding the mesh size and fish
plate (PL 70x5), all parameters and details of modeling
(loading pattern, element type, analysis, etc.) are according
to the prescribed details in the second section. The mesh
size of perforated plates is reduced to 15 mm. In addition,

the mesh size of frame is equal to 40 mm. In the modeling,
the fish plate (PL 70x5) is ignored. The area of perforated
plates for each aspect ratio is similar and equal to 50% of
the infill plate. For each amount of aspect ratio, three plates
with 2 mm, 4 mm, and 8 mm thicknesses are defined. So,
the total number of models is equal to 48. The thickness of
the infill plates is reduced by half in order to equalize the
material volume of perforated and infill plates with identical
aspect ratio. The name of models, plate forms and
thicknesses are presented in Table 3.

5.1 Strength capacity

The cyclic behavior of the models is presented in Fig.
14. As expected, the strength is enhanced by the increase of
aspect ratio and plate thickness. Also, the difference in
strength between the infill plate (black line) and optimized
plate (red line) is enhanced by the increase of aspect ratio
and plate thickness. It can be seen from Fig. 14 that the
infill and optimized plate have the highest reaction forces
respectively. To better view curves, the force-deformation
curves of the last loop for 1.5 aspect ratio are presented in
Fig. 15. As shown in Fig. 15, the main difference between
the strength of the optimized and perforated plates is
observed in the tension field zone. There is no significant
difference between the optimized and perforated plates in
the pinching zone. It can be seen that in the pinching zone,
the strength of the optimized and perforated plates with 2
mm and 4 mm thicknesses is equal to frame without the
plate. It means that in the pinching zone, the strength of
plates is not effective and the main contribution of the

\i Aspect Ratio = 0.67 (Mc models) \ [ Aspect Ratio = 1.0 (Mb models) ]
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Fig. 14 Force-deformation curve of models under cyclic loading
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Fig. 16 Push of force-deformation curves

strength of frame is provided with the moment connections.
But, with the increase of plate thickness to 8mm, the
optimized and perforated plates increase the strength of
frame in the pinching zone.

The push of cyclic curves is presented in Fig. 16. In
comparison with the other perforated plates, the results
illustrate the optimized plates improve the strength and
stiffness effectively for all aspect ratios and plate
thicknesses. It can be seen from Fig. 16 that the Mal.t4 with
4mm thickness has more strength than the Ma2t8, Ma3t8
and Ma4.t8 models with 8mm thickness (at the end of
cyclic loading). This situation is also occurred for Mal.t2
and the other aspect ratios. The strength differences
between infill plate and optimized plate (Mal, Mbl and
Mc1) are considerable. This strength difference is minimum
in the models with 0.67 aspect ratio, especially with 8 mm
thickness.

5.2 Energy dissipation

The energy dissipation of a structure under the cyclic
loading is equal to the area bounded by the cyclic curve.
The energy dissipation of the models is shown in Fig. 17. In
the energy capacity similar to strength capacity, the values

of the energy in the models with infill plate are more than
the perforated plate. Also, the optimized models have the
highest values of energy in comparison to the other
perforated models.

5.3 Fracture tendency

Herein, it is necessary to investigate the situation of
models in the aspect of the plastic strain and fracture
tendency. The equivalent plastic strain (PEEQ) is used to
predict the local ductility and fracture tendency of steel
(ABAQUS 2014, Wang et al. 2015) according to Eq. (8).

t
PEEQ =57 + [£Plar &7 =1/§g"".g'p' ®)

0

where ¢P'is the rate of plastic flow, z*'is the equivalent
plastic strain rate, zP'|, is the initial equivalent plastic
strain rate and t is the time duration of the analysis.

The values of PEEQ are presented in Table 4. Also, the
values of the maximum reaction force during the cyclic
loading (Pn) and the energy (En) at the end of loading are
indicated in Table 4. The results indicate the maximum
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Fig. 17 Energy dissipation of models

Fig. 18 Deformed shape and PEEQ contour of models at the end of loading

amount of PEEQ belongs to Mb0.t4 (8.912). In the
optimized corresponding model (Mb1.t8), the values of Pn
and En are reduced by near 10% and 11% respectively. This
is while the amount of PEEQ (4.811) is reduced near 46%.
After Mb0.t4, Mc0.t4 has the maximum amount of PEEQ
(5.339). As shown in Table 4, the amounts of Pn and En for
Mc1.t8 are reduced near 6% and 11% respectively
comparing with Mc0.t4, while the amount of PEEQ is
reduced near 40%. Ma0.t4 has the maximum value of Pn
(1321 kN) and En (1689 kN.m). There is a reduction near
19% for Pn and 25% for En in the optimized corresponding

model (Mal.t8). The amount of PEEQ is decreased near
21% comparing to Ma0.t4.

The PEEQ reduction could be observed in the optimized
plates with the 4 mm thickness in comparison to infill plate
with 2 mm thickness. This reduction is near 28% for Mb1.t4
in comparison to Mb0.t2 while Pn and En are just decreased
near 11% and 9% respectively. For Mcl.t4 and Mal.t4, the
amounts of PEEQ are respectively reduced near 2% and 9%
in comparison to Mc0.t2 and Ma0.t2 respectively. In the
models with the thin plate, there is no fracture tendency
improvement observed in the optimized and perforated
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Table 3 Introduced models for numerical investigation

Aspect ratio = 0.67

Aspect ratio =1

777

ﬁ”a"n?i' (Eﬂ) (kﬁhm) PEEQ mji' (m) (kﬁr.]m) PEEQ Tfa"ﬂi' (EITI) (kﬂ]m) PEEQ

Mc 565 868 0903  Mb 555 870 1128  Ma 561 866  0.953

McOtl 670 984 1318 MbOtl 661 991  1.388 MaOtl 750 1068  1.39

. Mclt2 606 906 1783 Mblt2 633 922 2934 Malt2 684 921 1816
;2{2 Mc2.t2 582 891 1833 Mb2t2 597 904 3038 Ma2t2 626 905  1.981
Mc3.t2 569 892 1662 Mb3t2 578 902 2003 Ma3.t2 59 899 1796

Mc4t2 566 901 186 Mb4t2 576 906 1959 Madt2 587 910  1.679

McO.2 731 1076 236  MbO.2 808 1092 3701 Ma0.2 990 1261  2.546

Mcltd 665 953 2306 Mbltd 719 990 2652 Malt4 817 1007 231

Mgfaigate Mc2.t4 602 927 2065 Mb2t4 623 952 2428 Ma2t4 663 951  2.155
Mc3.t4 585 931 1929 Mb3t4 606 953 2549 Ma3td 625 953  2.393

Mc4td 591 951 3112 Mb4td 59 956 2545 Madtd 627 976 3731

McO.t4 863 1312 5339 MbO.t4 990 1400  8.912 Ma0.t4 1321 1689  5.163

Mclt8 808 1166 3193 Mblt8 889 1234 4811 Malt8 1064 1256  4.07

Mc2t8 674 1080  3.699 Mb2.t8 716 1174  3.766 Ma2t8 790 1169  3.417

Mc3.8 669 1110 484 Mb3t8 693 1158  4.783 Ma3t8 747 1187 361

Mc4t8 685 1158 4522 Mb4t8 714 1207 5208 Madt8 787 1254  4.412

plates in comparison to the infill plates. It means that the
use of perforated plate with the thin plate is not preferred
unless the opening in the steel wall is needed.

The deformed shape and failure modes at the end of
cyclic loading for the models with the thick plate are
presented in Fig. 18. It can be seen that in the models
without plate, the plastic strain is formed in the column-
beam connection and by adding the plate, the plastic strain
is moved to the shear plate. In the perforated plates, the
plastic strain is distributed in the corners of the plates and
the strips around the holes. But, in the infill plates, the
plastic strain is approximately concentrated in the center of
plates. For this reason, the values of PEEQ are increased in
the infill plate. Herein, the presentation of deformed shape
for the models with the moderate and thin plates is ignored
considering the similarity of their deformed shape with the
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Fig. 19 Comparing the maximum reaction force of models
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thick plates.
5.4 Summary of nonlinear analysis results

The amounts of the strength, energy and PEEQ of the
models are respectively presented in Figs. 19, 20 and 21
relative to the frames without the plate. As shown in Fig.
19, the optimized models for all thicknesses after the
models with the infill plate have the maximum strength.
Also, the difference of maximum reaction forces between
the traditional perforated plates is limited. It means that the
effects of the traditional holes in the strength capacity are
negligible. However, the plates with the central circle or
ellipse have the maximum strength in comparison to the
traditional perforated plates.

It can be seen from Fig. 20 that the amounts of energy in
the optimized plates are more than perforated plates. In the
models with thin plates, the difference of energy between
optimized and perforated plates is little. With the increase in
the plate thickness, the difference of amounts of energy in
the optimized plates in comparison to the traditional
perforated plates gradually begins to increase. There is a
considerable difference between the amounts of energy for
infill plates and perforated plates.

Fig. 21 shows that in the models with the thin plate, the
infill plates have the lowest amounts of PEEQ. On the other
hand, the infill plates with moderate and thick thickness
have the highest amounts of PEEQ. There is no regular and
exact process about of PEEQ values of the optimized and
perforated plates. However, in general, it can be said that
the optimized plates have an appropriate behavior in
comparison of the perforated plates.

It is observed that between the traditional perforated
plates, the plates with a central circle or ellipse have
appropriate behavior in the strength, energy capacity and
fracture tendency in comparison with the other traditional
perforated plates. In addition, these types of perforated
plates are less costly and more simple in terms of cutting
and manufacturing.

6. Conclusions

In this paper topology optimization is applied to find a
new form of PSPSWSs. The study is done in two phase. In
the first phase, the topology of plates is optimized based on
the reaction force. In the second phase, the nonlinear
behavior of optimized plates under cyclic loading is
investigated and compared with the four types of SPSWs.
Achievements in the optimization phase are as follows:

e The results illustrated that for 0.67 and 1.0 aspect
ratios, the plate thickness wasn't impacted on the TO
results. The effects of plate thickness weren't
significant for 1.5 aspect ratio and were ignored.

e TO for 0.67 and 1.0 aspect ratios, created an X-shape
for the plates. For 1.5 of aspect ratio, a combined
form of a double X-shaped (XX) was obtained. The
area of optimized plates was equal to 50% of the
infill plate.

e The study showed that for aspect ratio more than

1.25 (H/L > 1.25), the X-shape changed to XX-
shaped form.

In order to investigate the nonlinear behavior of
optimized plates, a frame without plate, an infill plate, a
plate with a circle in the center and two multi circle plates
were defined. So, 48 models were created and analyzed in
total. The volume of all plates with similar thickness and
aspect ratio was equal. Achievements in the second phase
are as follows:

e The results showed that the optimized models have
the highest amounts of strength and energy between
the perforated plates. The difference between
strength and energy of the infill plates and perforated
plates was considerable.

® In the perforated plates with the thick (8 mm) and
moderate (4 mm) plates, the fracture tendency
(PEEQ) was reduced effectively in comparison to
the infill plates (4 mm and 2 mm). The fracture
tendency of the optimized models was suitable. It
was reduced near 21%~46% for thick and 2%~28%
for moderate plates.

e It is noteworthy that the models with thin (1 mm)
and infill plates had the lowest fracture tendency
while they had higher amounts of strength and
energy. Therefore, the use of thin perforated plates is
justified if the openings are needed.
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