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Abstract. This paper reports a procedure for maximizing the energy dissipation capacity (EDC) of a slotted steel plater damper by
changing its initial geometrical shape. The methodology uses a simulated annealing algorithm to iteratively vary the slots'
disposition, number, and geometry while improving the EDC. This capacity is computed for each tested configuration from a finite
element analysis in ABAQUS, considering a cyclic displacement protocol. Five initial sections are enhanced, with the optimal one
evoking a sand clock shape with two symmetric slots. The EDC increment is higher than 300%. It is observed that the objective
function is multi-modal, and the optimal solution depends on the initial design. The proposed procedure is computationally easy
to implement and requires less than fifty iterations to guarantee convergence in all cases.

Keywords: Metallic dampers, shape optimization, simulated annealing, slotted plates.

1. Introduction

The use of seismic protection devices (SPDs) in buildings has become a reality in several countries around the world (see
reference [1]), representing an alternative to the conventional seismic design based on energy dissipation through the inelastic
behavior of the structure. Introducing SPDs in a structure makes it possible to avoid the elements in the primary seismic force-
resisting system suffering considerable damage in large earthquakes, increasing the structure's seismic performance and
reducing the cost associated with repairs and loss of human lives. These devices can be classified into active, passive, hybrid, and
semi-active devices according to the nature of their behavior [2]. Passive devices are preferred due to their low price; nonetheless,
they cannot modify their properties in function of the seismic input. Japan presents more than 3000 buildings protected with
seismic isolation, showing that the culture concerning the seismic hazard is essential [3]. In the United States, more than 350
structures have been equipped with buckling restrained braces since their introduction in the 1990s [4]. In addition, the company
Quaketek has provided friction dampers for more than 50 structures worldwide in countries such as Canada, the United States,
and Colombia [5]. There are many seismic protection devices; however, numerical and experimental research is being carried out
to develop new devices that either reduce the seismic response during a seismic event or decrease their cost. It is worth
mentioning that other strategies, such as self-centering devices, can efficiently minimize structural damage, as shown in [6].

A specific strategy to mitigate seismic damage in a structure consists of fuse elements that dissipate energy by concentrating
inelastic displacements in hysteretic cycles. Different ways exist to use the movement during an earthquake to counter its effects,
such as material yielding or friction. Typical Buckling Restrained Braces have a steel core with a yielding zone that concentrates
the inelastic deformations in the element. A concrete cast guarantees that the performance of the braces is equal in compression
and tension and the occurrence of stable cycles of hysteresis [7]. Friction dampers present a mechanism that dissipates energy
through the sliding of two surfaces in contact due to the differential movement on each side supporting the damper; this
happens after a pre-specified sliding force in the damper is achieved [8]. Metallic Yielding Dampers use inelastic displacements to
generate energy dissipation in the whole device; one example is the triangle-added damping and stiffness (TADAS) damper [9].
Yielding could be raised by flexure, or shear stresses over the damper material. The design of a structure equipped with
hysteretic-type dampers is ruled by international norms, such as ASCE 7-16 [10]. This code reports the experimental test required
to guarantee the reliability of the devices, including the procedures to consider uncertainties in damper parameters in the
structural analysis.

The slotted steel plate (SSP) dampers are configured for thin steel plates parallel to the beam. These dampers are hysteretic-
type devices that dissipate energy when the steel yields due to the deformation introduced by the relative movements on the top
and bottom of the devices (shear forces effect) during an earthquake. Experimental results on a cyclic test of individual specimens
show that SSP dampers present regular and symmetric hysteresis cycles, even for large deformations [3]. This characteristic
guarantees the reliability of the performance of the devices. However, research has shown that the dampers suffer a gradual
strength reduction due to the beginning of flexural cracks in the slots' boundaries [11]. The use of SSP Dampers in structures has
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helped reduce their seismic response. Li et al. [12] reported levels of 90% in the reduction of the displacement of a reinforced
concrete frame on the base floor when using a damper with an x-shape. Pimiento et al. [13] showed displacement reductions of
up to 70% in a shaking table test of a three-story scaled steel frame using SSP dampers with circle and rectangle slots. Martinelli
et al. [14] reported that low-cycle fatigue is a criterion that conditions the seismic response of a retrofit-reinforced concrete
building. There is a high correlation between the top displacement and the seismic damage index of a structure. Teruna et al. [15]
found that a trilinear approximation for the skeleton curve was adequate, being necessary to define two constants to describe the
post-yielding behavior. On the other hand, the manufacture of this type of device is not complex and not expensive. Its
installation on the structure is not complicated; therefore, they are very suitable for developing countries.

One of the aspects that influences the plates' energy dissipation capacity (EDC) corresponds to the shape, distribution, and
quantity of slots. Chan et al. [5] found that the amount and distribution of circle slots influence the distribution of Von Mises
Stresses through the plate and that the stress trajectory affects the zones where the yielding occurs. Zheng et al. [16] compared
four distributions for vertical slots finding that this parameter affects the stability of the hysteretic cycles. Ferrer and Villalba [17]
studied a set of plates with different shapes and found that the lowest and highest EDC difference could be up to 300%. Thus, it is
possible to configure an optimization problem to determine the optimal topology for the damper to obtain the highest EDC from
an available volume of steel material. Ghabraie et al. [2] optimized the shape of a rectangular slot through the BESO algorithm;
they found an increment of up to 96% in the EDC. As a result, the stress distribution was improved. Xu et al. [18] optimized the
boundary of honeycomb mild steel slit dampers by considering that each strip works as a bi-clamped beam under pure bending.
Other research involving the optimization of metallic-yielding dampers were carried out by Watanabe et al. [19] and Deng et al. [9],
obtaining the best position of stiffener elements in the damper. Both works showed that the optimal configuration for the damper
presents a higher EDC. Liu and Shimoda [20] used Bezier Curves and an objective function based on the maximum cumulative
equivalent plastic strain on both sides of the damper, with the constraint that the dissipated energy of the optimized shape is
greater than the initial. Zhu et al. [21] compared two optimization criteria based on the J2 Plasticity theory considering that all the
points on the contour yield simultaneously, finding that the energy dissipation capacity increased between 40.65 and 63.69%.
Farzampour et al. [22] used the Gray Wolf Algorithm to determine the optimal shape of butterfly-shaped shear links by
maximizing the energy dissipation ratio by plastic deformation to the maximum equivalent plain strain.

The results above show that optimization is suitable for developing improved damper configurations. Notwithstanding, the
selection of the optimization algorithm, either a heuristic or gradient approach, and the influence on the initial geometrical
configuration of the damper are some issues that require further attention. This study presents a heuristic-based methodology
for the shape optimization of SSP dampers based on maximizing the device's EDC, which can be applied to different initial shape
dampers. The software ABAQUS is employed to compute the EDC of each shape tested under cyclic load. As this procedure
presents a high computational cost, the Simulated Annealing Algorithm (SAA) is used to solve the optimization problem as it
requires only one solution per iteration. Python is used to implement SAA and to get interaction with ABAQUS.

This research is significant because of the following reasons:

e Itestablishes a new shape for the SSP damper that presents the highest EDC for any given steel material quantity.

e Itreduces the complexity in the computational implementation by using a free-of-derivatives algorithm, considering the
interaction with Python and ABAQUS.

e It uses problem-knowledge heuristics to improve the convergence process.

e Itassesses the influence of the SSP initial shape on the optimal result obtained by the optimization process.

2. Slotted Steel Plate Dampers

The working concept of such devices is quite simple; by introducing plastic deformations on Steel plates, it is possible to
dissipate the seismic input energy. Different movement types could generate yield in the material, such as pure flexion, pure
shear, and combined stresses. However, how the yielding is raised is not the only matter; it is essential to ensure that most of the
device effectively yields and that the threshold of inducing deformation presents a minimum possible. The slotted steel dampers
work mainly under shear stress, so they are formed by a thin perforated plate, such as the plate with vertical slots shown in Fig.
la. It is possible to select several shapes for the slots, such as circles, triangles, or rectangles. Still, it is necessary to establish the
optimum shape as the slots' shape, number, and position affect the sequence of how the strains will distribute on the plate.
Figure 1b shows how the plate is installed into the structure with the thickness located perpendicular to the beam. The upper side
is connected to the beam, while the lower side is connected to braces in a Chevron Configuration. Such configuration eases the
relative strain between the device's top and bottom, inducing shear stress in the damper. However, it is necessary to guarantee
that the plate does not present buckling perpendicular to the beam, reducing the device's effectiveness. There are different
stiffener types to avoid out-plane buckling, such as the device proposed by Deng et al. [23]. The design of the primary seismic-
force resisting system and the energy dissipation system have to guarantee that the SSP dampers yield first than the structural
elements, as shown in the methodology proposed by Oviedo et al. [24]. It is worth accounting that the device and its connected
components increase the structure's stiffness; thus, it could increase the shear force on the building. The attractiveness of using
these devices is their manufacturing simplicity, low cost, and the possibility of being easily replaced after an earthquake (it works
as a fuse).

Fig. 1. Example of a Steel Slotted Plate (SSP) damper: a) individual device and b) installation on a structure.
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Different metallic materials can dissipate energy, such as steel and aluminum. Most papers deal with A-36 steel due to its
yielding properties: low-yielding point and ductility. Yongjiu et al. [25] carried out a cycle test on A-36 steel specimens of 200 mm
length, finding that the failure mode at a macro level corresponds to the contribution of the central region, buckling, and fracture;
with a ductile failure in a micro level. However, researchers explore low-yielding point steels to decrease the device's deformation
level to start dissipating energy [26]. Concerning the failure mode, it is observed that low-cycle fatigue can occur in high-stress
concentration points. Jie et al. [27] experimentally show large deformations in the edges of slots due to the high stress in this zone
raised in the shape of the damper. Perri et al. [28] showed that different steel types could present fatigue in different load cycles,
observing that the area of the hysteretic process reduces in the cycle next to failure. Bae et al. [29] observed that including plastic
hinges into a radius-cut coke-shaped strip damper resulted in higher ductility. Under the above findings, the challenge in
numerical modeling is reproducing the results. For example, the definition of the constitutive model is an open question. Recent
research show that different models could be adequate from experimental results [30]: Bilinear with isotropic hardening, Bilinear
with kinematic hardening, trilinear, and Chaboche model.

To assess the ability of an SSP damper to dissipate energy is necessary to carry out a pseudo-cyclic test that introduces cyclic
displacements in the upper surface of the damper while the bottom part is fixed. By doing that, it is possible to induce shear
stress using load cycles established according to the protocols of documents such as EN-15129, ASCE 7-16 chapter 18, or FEMA 751.
These documents also report how to include results coming from several tests. It is worth mentioning that the test of a device
causes it to yield; therefore, it cannot be used in any building after testing. Furthermore, numerical integration on displacement
and force measurements is used to compute the EDC. From a numerical point of view, this is possible by integrating the stress
vector (f) and the displacement field (u) on the whole plate domain, as given by

E,= [ fxdu (1)

On the other hand, the following questions have to be raised when using SSP dampers: How will strains be induced in the
device from their connection to the primary structural system? What shape will the slots of the device and outer edge have?
What type of steel can be used? How can the device's performance to reduce the seismic response be computed? What are the
protocols for the experimental test of the devices? What is the reliability of their performance under low-cycle fatigue? Which
constitutive model will be used in the numerical model? There is no consensus in the literature on some of these aspects; a more
detailed study is necessary to collect the current knowledge to address the main path to follow. A comprehensive state-of-the-art
on hysteretic steel dampers can be found in the paper by Javanmardi et al. [31]. The present research has only a numerical phase;
thus, the decisions on the above questions were taken from the literature.

3. The Simulated Annealing Algorithm

The Simulated Annealing Algorithm (SAA) is a stochastic heuristic method to solve search problems developed by Kirkpatrick
et al. [32]. The algorithm follows an analogy of the principle of annealing metal materials that associates the best solution for an
optimization problem with that state of the material without imperfections. Material perfection is achieved by slowly reducing
the temperature to a lower energy state. Thus, a single solution is modified around its current neighborhood to generate better
solutions and guide the search process. The main issue with SAA is the possibility that the algorithm will advance to a worse
system state to prevent stagnation.

Figure 2 presents a typical flowchart for applying the SAA to solve an optimization problem defined by the objective functions,
design variables, and constraints. The algorithm starts the iterative process by defining a single solution vector named design
solution, randomly generated from the allowed values for each variable in the problem. First, the user must provide an initial
value for the temperature parameter (T), which ranges from 0 to 1. The parameter determines if a trial solution is accepted as the
design solution. Then, the trial solution is generated from a probabilistic expression that modifies the design solution inside a
close space. Then, the objective function is computed, and the acceptance criterion is applied. The criterion compares a 0-1
random number against the acceptance probability (P), which is given by:

P(Af,T) = el @

where Af is the difference between the quality of the trial and design solutions. High values of the temperature factor increase the
probability that a trial solution is accepted even if it is worse than the current design solution. This characteristic is fundamental
to avoid the algorithm getting stuck in local optimums. The trial solution becomes the design solution if the acceptance criterion
is satisfied. The algorithm completes the process when a stop criterion is achieved, for example, when a maximum number of
iterations is met. However, it is necessary to execute the algorithm in a predefined number of runs due to the stochastic nature of
SAA.
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Fig. 2. Traditional Simulated Annealing Algorithm.
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Fig. 4. Algorithm for the shape optimization of Slotted Steel Damper with a SAA and Abaqus.

Milan and Begambre [33] introduced three modifications to improve the performance of the SAA in terms of the final result
and lower computational time. The first one is related to the fact that the current expression for the acceptance probability takes
the algorithm more iterations to converge. In that sense, the following equation reduces half the probability of accepting a
solution.

1

P(Af»T) = 1+

(3)

The second modification decreases the dependence of the original SAA on the chosen initial design solution, as any other
answer is a variation of that solution. Thus, the first trial SSP damper configuration corresponds to the highest objective function
from a pool of randomly generated initial design solutions. Finally, the third modification introduces global exploration for high
temperature and exploitation (local exploration) for low temperature by modifying the mutation factor used to generate the trial
solution. The last modification considers that the mutation factor can change but in the function of the temperature factor. If the
algorithm detects that it could be stuck in a local optimum, then the temperature will go up with the mutation factor to increase
the ability to explore the search space. Figure 3 shows the flowchart for the modified SAA (MSAA) considering the above changes,
as in reference [33].

It is worth mentioning that no metaheuristic method can efficiently solve all the optimization problems. Still, the SAA has
proven its capability to solve different structural engineering problems. Some of these problems correspond to structural damage
detection [34], structural size optimization [35], the optimal location of viscous dampers [36], and the optimal position of sensors
for modal identification [37]. The necessity for adjusting SAA to the characteristics of each problem implies that the user has to
know how to modify the computational implementation.

4. The Proposed Methodology for the Optimization of Slotted Steel Dampers

This research proposes a methodology to obtain the optimal shape for an SSP damper (see Fig. 1) that maximizes the
dissipation energy capacity under cyclic load given a specific quantity of material in a predefined initial shape. The flowchart to
apply the methodology is presented in Fig. 4. It is based on the interaction among finite element modeling software, the
mathematical function of the optimization problem, and a search algorithm to solve the problem. It is necessary to carry out a
dynamic non-linear finite element analysis for the plate suffering the cycles of seismic loads to determine its hysteretic behavior
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and later compute its EDC. In this case, the Software ABAQUS was used for numerical modeling. It allows the assessment of the
plates' behavior under large deformations and the interaction among the different components of the algorithm. The
mathematical formulation for the optimization problem is given in section 4.1 and requires to be implemented computationally,
including some extra information derived from Abaqus. The optimization algorithm followed a heuristic approach as it facilitates
introducing computational procedures to account for the problem knowledge (see section 4.3). The MSAA in Section 3 solved the
optimization problem due to its convergence properties and a single-population algorithm. These characteristics are
fundamentals to reduce the computational cost associated with applying the proposed methodology, as each possible solution
tested implies one run of finite element analysis. The routines and the interaction with Abaqus were implemented in the
programming language Python to assess the performance of the proposed methodology.

The search process of the device with the optimal shape is iterative, beginning from an initial plate configuration to obtain an
enhanced plate in terms of its energy dissipation capacity. The user is faced with defining the quantity of material to
manufacture the plate and its initial shape, which plays a crucial role in the optimal shape obtained. The MSAA could easily get
trapped in a local optimum because the search space for the problem is multi-modal; this means that very different shapes for
the plate can present similar values of the objective function to that of the global solution. Section 4.1 offers the computational
representation for each damper. The steel used could also lightly affect the optimal shape, requiring an independent optimization
process for each type. The results of this paper were obtained using a steel A-36, a common type of steel worldwide.

It is necessary to generate an Abaqus script to carry out the finite element modeling of the damper, as shown in Section 4.4.
The modeling implies that the user has to provide the element type, the maximum size of the finite element mesh, constraints,
constitutive model, type of analysis, load pattern, and desired results. The computational code executes the script in Abaqus,
obtaining the time-history response of the plate to a predefined cycle load in terms of stresses and deformations. An additional
code is implemented to compute the energy capacity dissipation of the damper.

The displacement cycle used to determine the plate's EDC was proposed by Ghabraie et al. [2] and carried out in four steps, as
shown in Fig. 5. First, the plate starts from the position related to the initial configuration. Next, a displacement of 10 mm in the
right top is applied, followed by a 20 mm displacement in the opposite direction, then the plate returns to its initial position.
Finally, the lower side is kept restricted from movement. Such representations simulate the relative displacement between the
support (on the damper's downside) and the beam (on the upper side). The superior boundary is only restricted in the vertical
direction.

Then, the modified SAA in Section 3 is applied to the mathematical optimization problem defined in Section 4.1 after the user
defines its parameters (see Section 4.2). A total of five trial plate shapes are derived from the initial design, with the trial solution
being chosen as the plate with the larger EDC. The equations for generating the trial solutions are presented in Section 4.3. The
algorithm is stopped when a maximum number of iterations is achieved. As the MSAA is stochastic, a predefined number of
generations of runs is carried out to define the best solution.

The characteristics of the SSP damper used in [1] are analyzed to verify the proposed finite element modeling and the
computation of the EDC (see Fig. 6), with L, R, and H being the damper’s width, thickness, and height, respectively. E and X are the
slot’s width and the plate connection’s thickness, respectively. In addition, the information would be used to generate a new set of
initial solutions to verify the dependence of the optimized shape on the initial configuration. Finally, the performance of the
proposed methodology is compared with those reported in the mentioned paper.

0 mm 10 mm 20 mm 10 mm

Fig. 5. Cyclic displacements for the loads.

Fig. 6. Slotted Steel Plate Damper of reference proposed by Ghabraie et al. [2].
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Fig. 7. Computational representation of a Rectangular steel plate. Value 0 represents a void, while value 1 represents a material point.

4.1 Formulation of the optimization problem

The mathematical formulation for any optimization problem in engineering requires the definition of four aspects: the design
and parameters variables, the objective function, and the constraints on the search space. Consider a rectangular domain to
define the optimal shape for the SSP damper, as shown in Fig. 6. The optimization algorithm determines which domain points
correspond to material points to form the plate. Figure 7 presents a possible configuration for the SSP damper, where gray points
correspond to material points. This issue can be computationally represented using a mesh of rectangular areas with values of 0
and 1 (Mz_01). The mesh size would equal the discretization of the finite element model. A value of 1 represents the presence of
material in that area, and 0 is the opposite. Such representation presents three advantages, first from a computational point of
view, second from mathematical operations and third from a visualization of the obtained shape. It is worth mentioning that
applying a heuristic approach to an optimization problem depends on defining a "natural” representation of a possible solution.

The design parameters correspond to the characteristics of the SSP and modeling information that do not change during the
optimization process. Those parameters include external space for the plate, material quantity, steel mechanical properties
(elasticity modulus, yielding strength, Poisson coefficient, density, plastic stress, and deformation), and boundary conditions for
the plate. The objective function corresponds to the maximization of the EDC computed from the stress on the plate domain that
was obtained in the elastoplastic analysis carried out in Abaqus, as given by

Max F =EDC = [ fxdu 4)

4.2 Simulated Annealing configuration

As the variable designs can only take values equal to 0 or 1, the modified SAA is forced to produce a trial that presents these
values. After some tests, the results reported in this paper were obtained using the SAA parameters in Table 1. To achieve
convergence, the performance criterion corresponds to a low standard deviation among runs and a lower number of iterations.
Therefore, the trial solution is generated from the current one.

4.3 Proposed heuristic rules

Applying heuristics consists of using empirical rules to ease finding the solution to a problem, which is based on the
knowledge of the problem to find high-quality solutions. The first heuristic for the study problem proposes accelerating the
convergence process. The trial solution is modified according to the stress distribution obtained with Abaqus, see Fig. 8. The idea
is to transfer the material with low stress to empty zones next to the material presenting high-stress values, increasing the
effectivity of the mass distribution through the plate. The heuristic uses a change probability for each matrix position (i,j) in terms
of the ratio between the stress, S, in the area and the maximum stress, Smax, in the plate, as given by Equation 5.

= ©)

;=
Smax

As seen, the points with higher stresses will have a lower probability of being changed. If the change probability for a one-
value cell is lower than the mutation rate, its value will be 0. The next step consists of adjusting the exact quantities of cells with
values equal to 0, as was changed before. Finally, the changing priority for a cell is computed based on the stresses of adjacent
cells, as given by:

S, T Sis1) +Sejon + e

Foy = 4xSmax ©
Table 1. SAA Parameters.
Parameters Original SAA Modified SAA

Population Size 1 5

Initial Temperature 1 0.70

Final Temperature 0.01 0.01

Cooling rate 0.70 0.80

Mutation rate 0.60 0.60 <Tm < 0.85

Maximum number of iterations 50 50

Number of runs 5 74.38
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876  Samuel Ferrer-Fuenmayor and Jesus D. Villalba-Morales, Vol. 9, No. 3, 2023

Fig. 10. Symmetry damper: (a) design solution and (b) trial solution keeping the symmetry.

The second heuristic is necessary to control the checkboard effect raised in two situations, see Fig. 9. The first relates to the
fact that a trial solution can contain material cells with material that is not connected to any other material cells (point B). Also,
only one node could join two material cells (point A), generating a problem with the finite element analysis. Therefore, to avoid
such a situation, after the first heuristic is applied, each material cell (MZ_01) is assessed with Equation 7 to determine the cells
with less than two orthogonal cells connected and requiring translation.

(Mz_01; ,;, +Mz_01;,,; +Mz_01;; ,, +Mz_01; ) <2 7

The third heuristic is defined to guarantee the double symmetry in the metallic damper. In that sense, the variable designs are
reduced to one plate section, forcing the symmetry utilizing Equation 8. Figure 10 presents two examples of symmetries in plates.

Mz_Ol(i,j) = Mz_OlFH,j) = Mz_Ol(i,fH) = Mz_Olelﬁjfl) ®)

4.4 Finite element model and computation of the energy dissipation capacity of the plate

ABAQUS was used to implement the finite element model that computes the SSP damper behavior under a cyclic excitation.
In this case, the non-linear structural analysis is carried out in the plane, considering the S4R (4-node element for general use).
Such consideration implies that the behavior through the thickness is uniform. The material selection depends on the steel
employed for manufacturing, with the mechanical properties defined by a strain-stress curve obtained experimentally. Such a
curve is introduced in ABAQUS, with the consideration of isotropic hardening as in [2]. It is worth mentioning that this research
does not consider the effect of the steel type on the optimal configuration found. The boundary conditions correspond to fixed
support on the lower side of the devices, while the upper side is only restricted to vertical movement. The cyclic displacement
protocol is that illustrated in Fig. 5, with a series of displacement sub-steps. Further research could include the possibility of
having a few cyclic displacements before the device's failure, as defined by chapter 18 of ASCE 7-16 [10].

Implementing a computational code in Python was necessary to couple with different parts related to the finite element
modeling and the optimization process. The plastic dissipation energy is computed in the post-processing stage in ABAQUS.
Further details can be observed in [17] regarding the automatic modeling process. Abaqus closes automatically after the main
code sends the last instruction. Then, the main code extracts the analysis results in the Abaqus report, ending the
communication process between Python and ABAQUS.

Journal of Applied and Computational Mechanics, Vol. 9, No. 3, (2023), 870-883 ﬁ"ﬁ
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Vertical Slots Circular Slots Square Slots Horizontal Slots Triangle Slots

Fig. 11. Initial geometric shapes for the SSP dampers.
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Fig. 12. Strain-stress curve for A-36 steel.

5. Numerical Examples

The proposed methodology is first used to optimize the vertical slot plate presented in Ghabraie et al. [2] with the aim of
comparison. Then, the other four configurations are set up by modifying the shape of the slots, as shown in Fig. 11. The slot
shapes correspond to simple geometric forms. All the plates present a search space of 140 mm in height, 100 mm in width, and 8
mm in thickness, a material area of 12000 mm?, and a void area of 2000 mm? to produce a total material volume of 86000 mm?. By
testing different initial shapes, it is possible to determine their influence on the optimization process. The maximum size for the
finite elements was 1.25mm, guaranteeing a correct assessment of the EDC and avoiding a high computational cost. It is
necessary to make the finite element mesh for each analysis because each tested SSP configuration presents a different shape.

Concerning the mechanical parameters of the plate made of A-36 steel: density of 7.85 E-6 kg/mm3, modulus of elasticity of
210000 MPa, yielding strength of 250 MPa, and Poisson coefficient 0.30. The plastic properties are presented in the stress-
deformation curve in Fig. 12, as introduced in ABAQUS. The SAA and MSAA determine the optimal configuration using the
parameters in Table 1, considering five runs for each SSP damper in Fig. 11.

6. Results

6.1 Optimized Plates

Table 2 resumes the results obtained by applying the proposed methodology to the SSP initial configurations presented in Fig.
11, whose EDC is shown in Column 1. Again, the optimal EDC for each original and modified SAA run is reported, with the
underlined value corresponding to the best EDC obtained for each SSP initial configuration. Results show that the best
configuration for the plate has an EDC of 4609 ] and that the difference with the worst configuration is 602 J (13% of the highest
value). This result shows that the configuration chosen to start the search process has a moderated influence on the optimized
EDC. It is worth noting that an initial configuration of the SSP damper with horizontal slots produces the optimal shape
configuration despite presenting the lowest initial EDC. This finding implies that further analysis has to be carried out for an
appropriate definition of the initial SSP configuration. The modified SSA was superior to the original but only created an
optimized design with EDS higher in 116] (2.6 %) in most cases. Also, the highest difference of the EDC among runs is 427 J (10.8%),
while that for the SAA is 325] (8.1%). This value shows that the modifications introduced on the SAA were lightly effective in
increasing its performance for the problem in the study.

Table 2. Energy dissipation capacity for the optimized SSP dampers.

Optimized energy dissipation capacity (J)

Slot shape e of SAA Best SAA
P Typ 1 2 3 4 5
Circular Original 4102 4083 4033 4035 4092 e
o Modified
3054 ] Modified 4158 3993 4191 4113 4141
Original 4277 4344 4260 4217 4182
Square rema Modified
2679] Modified 4435 4460 4371 4443 4361
Horizontal Original 4464 4602 4588 4584 4441 e
e Modified
1063] Modified 4574 4599 4580 4609 4588
Triangular Orlg'u'lal 4356 4396 4298 4381 4262 Modified
2864 ] Modified 4458 4239 4174 4208 4309
Vertical Original 3838 3682 4007 3779 3801 Original
1085] Modified 3548 3817 3966 3782 3539 g
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Table 3. Effect of the optimization process on the reshaping of the initial configuration.
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Table 4. Optimized shapes for plates.
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One crucial issue that could improve the proposed methodology's performance is understanding how the optimization
process reshapes the plate's initial configuration, increasing the EDC for the SSP damper. To illustrate this point, Table 3 presents
the evolution of two initial configurations every ten iterations until producing the optimized shapes with the highest (Horizontal
Slots) and lowest (vertical Slots) EDC. The process of convergence of the plate with horizontal slots was speedy. At iteration 10, it is
observed that slots were mostly closed and the damper’s center stretched, resulting in a device with 67% of the highest EDC of the
optimal shape. At iteration 20, the EDC for the optimal solutions reached at least 85% of the best one, with only two significant
slots kept. After that, the algorithm kept the plate's topology and improved its shape. However, a very different behavior was
observed in the damper convergence process with vertical slots. The optimization tried to reshape the three vertical slots;
however, it was slow until iteration 20, and only 65% of the final EDC had been achieved. Therefore, the process increased the
number of slots to increase the EDC.

The optimized shapes obtained using the modified and original SAA for each initial plate are presented in Table 4. The highest
increment was obtained in the horizontal slot configuration with four times the initial EDC, such a result was possible because
the initial shape led the algorithm to lose the central slots and reshape the borders similarly to a sand clock shape. The lowest
increment was obtained for the SSP configuration with triangular slots, with only a 64.81% improvement. In most cases, the
topology changes considerably, trying to stretch the center of the plate. In addition, the initial shape influences the optimized
shape as the modifications generated for the SAA are derived from that condition. Thus, it would be necessary to enlarge the
initial configurations analyzed to determine other optimized shapes. One issue not studied in this research was the influence of
the number of slots in the optimized shape.

On the other hand, applying a post-process of smoothing the shape obtained from the optimization process with the aim of
fabrication is necessary. It is possible that the process generates non-smoothed solutions that would not be feasible to build as it
does not consider manufacturing issues. In general, it was observed that this process produced a slight reduction in the EDC,
except for the optimal shape with the honeycomb shape. It is worth mentioning that this configuration would be easily
manufactured.

The computational time required for the finite element analysis of a plate, mesh 1.25 mm was 4 min 20s approximately; from
this time, 1 minute is used to create the model and the other files. The total time for one run is 3 h 34 m for the SAA and 3h 55m
for the modified SAA in a workstation with an Intel ® Xeon CPU of 2.20 GHz and 64 GB of RAM. One possibility for reducing the
computational cost is employing population-based metaheuristics on parallel computers.

6.2 Stress States and Hysteresis Cycle for the Optimized Plates

Figures 13 to 17 (on the left) show the stress distribution for the initial and optimized plates. As observed, the initial
configurations present high-stress values only around the slots' edge. The stress distribution through the plate is not uniform,
and the maximum allowed value (485 MPa) is not reached, implying low EDC values. For the case of the best initial configuration
with circular slots, it is observed that the stress is propagated from the edge of the plate to the external slots and then through to
the intermedium vertical line of slots, with small areas lightly stressed. The ideal solution is obtained when the entire plate
achieves the yielding for the cyclic displacement protocol. All the optimized models (Figs. 13 to 17 on the right) presented the
maximum allowed value in most areas, with the remaining areas presenting at least 210 MPa. The distribution is uniformly
distributed through the plate; this shows that the material is more effectively utilized. The optimal solution (Fig. 15) presents
yielding zones clearly defined.

Figures 18 and 19 present the hysteresis cycles for the initial and optimized SSP configurations, considering the lowest and
highest EDC devices. It can be observed that the area under the curve highly increases in both cases; therefore, its energy
dissipation capacity also rises. The increment of highly concentrated stress areas in the optimized plates is related to the rise of
the necessary force to obtain the same displacement quantity. The optimization process also increases the stiffness of the plate
for all the initial configurations of the plates. Further studies should include the total EDC for several load cycles, including a
possible deterioration in the hysteresis cycles.

Initial model Optimized model
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Fig. 13. Von-Mises Stress distribution for the plate with circular slots (on the left) and the optimized one (on the right).
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Fig. 14. Von-Mises Stress distribution for the plate with square slots (on the left) and the optimized one (on the right).
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Fig. 15. Von-Mises Stress distribution for the plate with horizontal slots (on the left) and the optimized one (on the right).
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Fig. 16. Von-Mises Stress distribution for the plate with triangle slots (on the left) and the optimized one (on the right).
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Fig. 17. Von-Mises Stress distribution for the plate with triangle slots (on the left) and the optimized one (on the right).
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Fig. 18. Hysteresis cycles for the (a) initial and (b) optimized configuration: triangular slots.

6.3 Analysis of the Convergence of the Optimization Process

Figures 20 to 21 show the convergence process for the initial configuration plate with horizontal and vertical slots, considering
the five runs. It is observed that the converging process is similar among runs for both SSA. Using 50 iterations was enough to
guarantee the stabilization of the optimal solution. Generally, the SAA reaches convergence in the 25th iteration, ten iterations
less than when the modified SAA is applied. However, fast convergence is not desired characteristic due to the likelihood of the
algorithm getting stuck in a local optimum. Therefore, additional characteristics must be incorporated into the modified SAA to
improve its ability to explore the search space in the final stage of the optimization process.
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Fig. 19. Hysteresis cycles for the initial and optimized configuration: horizontal slots.
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Fig. 20. Convergence results for the initial plate with horizontal slots.
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Fig. 21. Convergence results for the initial plate with horizontal slots.
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Fig. 22. Optimal shape and corresponding EDC in comparison with the results obtained in [1].
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6.4 Verification of the results

The results for the SSP damper with vertical slots optimized by Ghabraie et al. [2] were used to compare. The initial Ghabraie’s
model generated presented an EDC of 1085] when reproduced in Abaqus, representing a slight difference from the reference
model, whose EDC is 1124 J. This difference could be raised in modeling issues, but the result is acceptable. Then, the optimal
shape found was compared with that obtained in Ghabraie's study, as shown in Fig. 22. As can be seen, the optimized form for the
initial configuration with vertical slots has an EDC twice that obtained in [2]. This difference can be observed in the distribution of
stresses in both plates. The plate obtained with MSAA has a higher area with the maximum allowed stress. The optimized
solution found by Ghabraie et al. [2] is only 44% efficient compared with the optimal solution in this study.

7. Conclusions

The proposed metaheuristic procedure improves the design of slotted steel plate (SSP) dampers from initial geometric
configurations with lower energy dissipation capacity (EDC). The process was validated from the computational implementation
in python, establishing a communication process with ABAQUS, developing problem-knowledge heuristics, and implementing
modifications to the optimization algorithm SAA to improve its performance. The main conclusions are summarized below:

e The computational difficulty for implementation is reduced by using a free-derivative algorithm such as SAA, which got
converged in less than 50 iterations. Moreover, the computational interaction between ABAQUS and Python suits the
problem.

e The modified SAA obtained better results in four of the five initial models than the original SAA, with varying levels lower
than 5%. It was also possible to observe a better behavior of the modified SAA represented in a more extensive search
space exploration.

e The generation of problem-knowledge heuristics for solving the problem is essential to converging the optimization
process.

e The optimal solution presents an EDC of 4609 ], which represents an increment of 50.9% from the best initial SSP
configuration and dissipates twice the energy of the optimal solution found in [2].

e For the tested initial slot configurations, the optimized solutions ranged with a minimum EDC of 4007] and a maximum of
4609J, reducing the initial difference in EDC from 64.47% to 13.06%. Thus, it is concluded that the search space is multi-
modal.

This methodology is not limited to the examples this study gives; it can be used on plates of different sizes, masses, and
materials. But the main restrictions are related to the fact that only one cycle is considered in the optimization process and that
out-plane behavior is not considered. In addition, a different approach for handling the finite element model must be regarded to
avoid the mesh.
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Nomenclature
Af  Difference between the quality of the trial and design solutions. Sij Stress in the material point (i,j)
EDC Energy Dissipation Capacity Smax Maximum Stress in the plate
f Stress vector for the plate domain. SSP  Slotted Steel Plate
Pcj  Probability of change for the position (i,j) T Temperature Parameter
SAA Simulated Annealing Algorithm u displacement field
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