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Cellular automata is a computational technique that has proven valuable for solving engineering problems. In
the field of structural optimization, it has been applied to find the optimal topology of a structure, given the
similarities between the problem characteristics and the computational representation. This paper proposes a
cellular automata-based methodology for the topology optimization of steel slotted dampers. A multi-objective
approach is formulated to maximize the energy dissipation capacity and minimize the damper’s mass. A
single-cycle displacement protocol is utilized to determine energy dissipation capacity in Ansys. The results
demonstrate that the proposed algorithm improves the optimal shape obtained from a configuration with
vertical slots more efficiently than other two algorithms in the literature. The energy dissipation capacity
was increased by 3.5 times while using only fourteen iterations to converge. By testing several initial slot
configurations, the CA-based method proved to be less dependent on the initial decision. Finally, the effects
of using a one-cycle displacement protocol, symmetry considerations, and the height/width ratio are also

discussed.

1. Introduction

Today, computational intelligence (CI) techniques are widely used
to solve everyday human problems. In civil engineering, CI has demon-
strated its potential in a variety of problems, as evidenced by Demertzis
et al. [1]. Despite that, the scientific community has yet to reach a
consensus on defining CI. In this work, it is adopted Engelbrecht’s
definition [2], which relates CI to the development and use of com-
putational paradigms that foster intelligence behavior to solve com-
plex problems. From this perspective, Sumathi and Pannerselvam [3]
classify CI techniques into computational paradigms such as artificial
neural networks, fuzzy logic, evolutionary computation, swarm intel-
ligence, and others. One of these paradigms is the cellular automata,
a type of evolutionary computing. Cellular automata are mathematical
idealizations of natural systems with discrete nature, so they may be
viewed as simple construction parallel processing computers [4].

CI techniques have been applied to the seismic protection of struc-
tures to tackle different issues. Vaidyanathan [5] evaluated a multi-
layer perceptron neural network to predict the peak displacement, the
effective period, and the effective damping of a three-story building
with viscoelastic dampers. Abdulateef and Hejazi [6] used fuzzy logic

* Corresponding author.

to offer robustness in the vibration control of structures with magneto-
rheological dampers, addressing uncertainties associated with the loads
and structural properties. Metaheuristics have been employed to opti-
mize the configuration of structures equipped with seismic protection
devices, as shown in Refs. [7-10]. Additionally, it is possible to deter-
mine the optimal shape of devices, such as Steel Slotted dampers [11-
13]. The amount of energy that a SSP damper can dissip is related to the
shape, size, number, and distribution of slots, as well as the thickness
and dimensions of the plate. This complexity hinders the practical
selection of the optimal shape for the plate, but there is no consensus
on how is the best approach for solving the problem. One critical
issue corresponds to the computational cost of calculating the energy
dissipation capacity from the non-linear finite element analysis. To the
authors’ best knowledge, cellular automata have not been explored for
problems involving SSP dampers.

More research is needed on applying cellular automata in civil
engineering to understanding their capabilities. Qiao et al. [14] used
a 3D cellular automata in the prediction of the effects of corrosion
in reinforced concrete structures. Schadschneider [15] used cellular
automata to model the traffic on a highway, considering that a max-
imum of one car can fill each cell. Su et al. [16] studied the problem
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of a piping breach in an earth-rock dam based on a representation of
cellular automata and a transformation rule during the failure process
of the soil dam. Ozelim and Cavalcante [17] employed a tridimensional
array of cellular automata for modeling the pore network in soils. Feng
et al. [18] modeled the surface runoff in an urban environment during
rainfall, considering both the spatial and temporal domains. Araghi and
Stouff [19] integrated cellular automata to define the layout of a set of
residential buildings, considering the cells as specific installations. An
exciting application of cellular automata is the topology optimization
of structures due to the straightforward link between the problem
representation and automata arrays. Tovar [20] used cellular automata
combined with finite element modeling to obtain the optimal topology
for 2D structures. From this experience, cellular automata are a fea-
sible technique for determining the optimal shape of an SSP damper.
In addition, cellular automata could be applied to other structural
topological problems, including the definition of the topology of steel
beams [21,22].

This research proposes a cellular automata approach to numerically
optimize the topology of a steel slotted damper (SSD) from a pre-
defined shape. Quality criteria are related to maximizing the energy
dissipation capacity (EDC) for a given material area. The software
Ansys is used to generate the finite element model of a given SSP
damper and compute the EDC. Matlab is used to implement the op-
timization algorithm and connect with Ansys. It is worth mentioning
that this research was carried out entirely using a numerical approach,
but experimental results [23] were used to calibrate the finite element
model of a vertical damper. The main characteristics of the proposed
algorithm are:

» The mathematical foundations lie in the theory of cellular au-
tomata, which is used for the first time to optimize SSD dampers.
This choice of algorithm was made due to the similarities between
the topology optimization representation and the geometric char-
acteristics of the damper.

It derives an optimal topology for the rectangular-boundary SSP
damper, considering the impact of the initial solution’s geometry.
This approach addresses the challenge of defining the best initial
configuration for the device.

It requires few assessments of the finite element model, thereby
reducing the computational cost of the optimization process. Such
a strategy has paramount importance due to the computational
cost of the non-linear dynamic analysis.

In addition, this research discusses topics that affect the EDC pre-
diction of an SSD damper, including its behavior under various cyclic
displacements, the impact of an initial asymmetric configuration and
loading protocol, and the role of the height-to-width ratio.

2. Finite element modeling of a steel slotted damper in ansys

Initially, a brief description of how steel-slotted dampers (SSDs)
work to protect a building against an earthquake is presented. This ex-
planation is supported with visual resources to ease the understanding
of the problem. Typically, an SSD damper is installed in the structure
as schematized in Fig. 1, where the device is directly connected to
the beam in the upper part and to rigid braces in the lower part. Fig.
2 shows several examples of steel plates with various slot types and
thicknesses, indicating that it is possible a huge number of possibilities.
The thickness of the plate is located perpendicular to the beam axis
to introduce a uniform behavior in the plate, which is assumed to
be in the plane. SSD dampers are easy to manufacture, being made
entirely of steel, and their installation process is straightforward for
the construction industry. Therefore, these devices could be used in
earthquake-prone developing countries for seismic protection because
of their potentially lower cost compared to other devices.

It is worth mentioning that it is necessary to have a fully experi-
mental characterization of the device to determine their behavior under
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Fig. 1. SSD dampers installed on a Steel Frame.

cyclic load. In that sense, Fig. 3 presents an example of a device test,
where a horizontal actuator imposes a cyclic displacement on the top
of the device while the base is fixed. The main action principle is
the energy dissipation of the seismic input through yielding of steel
material in the plate induced by shear displacement. To achieve this,
the plate thickness should be oriented perpendicular to the beam axis
and have a low height-to-width ratio. After an earthquake, if the
SSD is damaged, it requires a replacement. The behavior of the steel
under cyclic loads has received significant attention from industry and
academy, and an substantial number of devices has been proposed [24].

Finite element (FE) modeling was performed using the APDL mode
in the ANSYS software. This mode was selected to ease integration with
the MATLAB computational routine that was developed for optimiza-
tion, as shown in [25]. Fig. 4 shows the general procedure for the
calculation of the energy dissipation capacity (EDC) of an SSD damper
from a non-linear analysis in ANSYS and a given cyclic displacement
protocol. It is assumed that the plate is thin, made of a single type
of steel and that the damper is fully supported on the bottom side.
Additionally, the user must provide the geometrical description of the
slots. As can be seen, the FE modeling presents specifications discussed
in the following paragraphs. It is worth mentioning that Ansys has
previously been used in [26-28] to optimize other metallic dampers.

The first concern presented in Fig. 4(a) is the geometric description
of the SSD damper. The user must define all the plate dimensions
(width, height, and thickness) and slot information (location, shape,
number, and size). These plate dimensions are the result of EDC re-
quirements for a specific building project. As shown in Fig. 2, there
are various possibilities for the shapes, distribution and quantity of
the slot on the plate. The selection of configurations affects how the
plate yields under a cyclic displacement, but there is no consensus on
the procedure to define the initial configuration. The horizontal plates
connect the damper to the upper beam and the lower support. It is
worth mentioning that more than one type of SSD damper could be
required for the different stories of the building.

The stress—strain curve that describes the behavior of the material is
necessary. SSD dampers are made of ductile steel, such as A-36. Steel
with low yield points can also be used [29], depending on the mar-
ket availability on the construction site. This paper used a kinematic
hardening assumption to consider the cyclic nature of the behavior
of the steel material. Fig. 4(b) shows the bilinear representation of
steel, which can be included in Ansys software. Other works have
also used isotropic hardening [23] or mixed models [27], selected
based on the agreement with the experimental results. In addition,
more advanced phenomenological models could be used to improve the
numerical assessment of the SSD Damper, see Refs. [30,31]. As there
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(a) Circular slots

(b) Rectangular slots

(c¢) Triangular slots

Fig. 2. Examples of SSD dampers. Imagined by Midjourney Al

Fig. 3. Examples of an experimental test of the SSD dampers.

is no agreement on the best model, relying on experimental results for
the calibration phase of the finite element modeling is recommended.

In the process of selecting the finite element type, two assumptions
are defined concerning the SSD damper: (i) the plate is relatively thin,
with a uniform behavior through the thickness and (ii) the main effect
is due to shear stress, not considering possible movements out of the
plane. Such approach was followed previously in other works such
as [13,23,32]. From the Ansys element library, the Shell181 element
(Fig. 4(c)) is a 3d quadrilateral plate type element with four nodes and
six degrees of freedom. In this case, the option that forced the software
to consider only translational degrees of freedom was activated: KEY-
OPTION(1) = 1. The Mindlin-Reissner theory is used to consider shear
deformations. Other more robust elements have also been used in the
literature, such as the 3D solid reported in [28]

As mentioned above, experimental testing of an SSD damper in-
volves fixing the bottom part of the device and inducing horizontal
displacement at the top. Fig. 4(d) illustrates the boundary condition
defined for the model, where the entire bottom surface is fully restricted
to translational movement, while the upper side is restricted only to
vertical movement. These conditions simulate a relative horizontal
movement between the extremes of the devices due to the difference
between the movement of the upper beam and the top of the braces.
The supporting braces transmit movement to the lower floor and are
elastically designed to guarantee damper operation.

Despite the stochastic nature of earthquake movement, it is common
practice to use a cyclic displacement protocol to assess the energy
dissipation capacity of the device (see Fig. 4(e)). This protocol is
imposed on the surface of the upper side of the SSD damper parallel
to the beam axis. The protocol must be selected from the design code
that rules on the construction site. Examples of such protocols include
those defined by the documents ASCE 7-16 [33], FEMA-461 [34] and
AISC [35] in the United States, as well as standards from Europe [36],
China [37], and Japan [38]. The final configuration of the protocol
depends on the project specifications for a specific type of damper.

Finally, it is necessary to integrate the numerical model of the de-
vice in step 4(f), as the size of the elements can influence the evaluation
of the EDC. In Ansys, this process was implemented considering the

default option. Table 1 shows the difference in the EDC for different
element sizes for a plate. As expected, a convergence of the EDC for the
lower element sizes is obtained. However, using these smaller element
sizes increases the computational cost. A good trade-off between results
precision and computation cost is achieved with a 2.5 mm size. For
this size, the error is only 1% concerning the 1.0 mm size, but the
computational time is reduced to 13%.

The Newton-Raphson method option in ANSYS solves nonlinear
analysis in the time domain. The Line search option was activated,
which improved the performance of finding the solution. Given the
number of degrees of freedom in the FEM model of the damper, the
Sparse Direct Solver was used for a more efficient algorithm. After the
analysis, a post-processing stage is necessary to determine the Von-
Misses stress state, the distribution of deformation energy, and the
hysteresis cycles in the devices, as shown in Fig. 5. ANSYS directly
computes the total deformation energy, which helps to assess the
objective function during the optimization process.

3. Shape optimization of SSD dampers

Changing the shape of the slots on a steel plate is manufacture-
friendly due to the simple configuration of the damper, as seen in Fig.
6. For the regular and basic slot configurations, it is possible to keep
the same quantity of material, inducing a different energy distribution
density for each configuration, as seen in Fig. 7. In addition, the
height/width ratio affects the energy/mass ratio as the stress trajec-
tories on the plates change during the cyclic movement. In that sense,
it raises the question: ;jwhat will be the plate’s shape that maximize the
energy dissipation capacity during an earthquake movement?.

An optimization problem is configured to determine the optimal
shape of the damper that maximizes its efficiency in dissipating seismic
energy. Two types of computational problems are derived, depending
on whether the amount of material can vary during the optimization
process or not. Fig. 8 presents the case of the two types of optimization
for an SSD damper with vertical slots. Fig. 8c shows that the material
changed from the initial condition to an optimized shape. This is
because the change in the mass could help to better exploit the energy
dissipation. In 8b, the quantity of material is fixed. This condition
obliges the algorithm to ensure that the quantity of material does not
change between two consecutive iterations. It is worth mentioning that
the user must define an initial configuration for the SSD damper in
both cases. The symmetry concerning a vertical and horizontal axis
through the plate’s center point is generally considered to reduce the
computational complexity of the problem. The final boundary of the
plate significantly affects its overall behavior. Therefore, it is possible
to use an interpolation function, such as B-Splines [39], to indicate how
that transition should be.

In the FE model of the damper, each element in the mesh discretiza-
tion is assigned a binary value: zero for a void and 1 for a material
point. For SSD dampers, a rectangular domain for the plate is assumed,
with the mesh size defining the number of positions to be specified. Fig.
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Table 1
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Impact of the mesh size on the computed deformation energy and the computational cost.

Mesh size (mm) Deformation Energy (J)

Computation Time (min) Difference (%)

1.0 1097
1.5 1100
2.5 1109
5.0 1125

15.0 -

7.0 0.27
2.0 1.09
0.5 2.05

.
P
e

Fig. 6. Examples of slotted damper.
Fig. 7. Examples of energy distribution.
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Fig. 8. Examples of energy distribution.

9 illustrates four computational representations, each corresponding
to a different initial configuration of slots. As the topology changes
during the iterative process, a strategy is needed to ease the finite
element meshing. In this approach, voids are represented as material
points with a very low modulus of elasticity. Therefore, the same mesh
discretization is used in each iteration. The only constraint is that
the elements must remain within the original boundary. Some studies
use a one-cycle protocol [23] to determine the optimal shape [23]
with the aim of reducing the computational cost associated with the
optimization process. However, it is necessary to account for the effect
of multiple cycles, as shown in [40].

Several metaheuristic and gradient-based approaches have been
reported in the literature, which gives information on the optimal
shape of a damper manufactured from a steel plate with slots. The
gradient-based approach considers the computation of the derivatives
of the energy dissipation function, as observed in [23,41]. In addition,
it is possible to determine only the variation of the plate boundary,
as presented in Ref. [40]. Metaheuristics approaches have been fol-
lowed to ease the optimization process, highlighting algorithms such

as Simulated Annealing [13] or Grey Wolf Optimizer [42]. The cost
computational is critical when choosing the metaheuristic type, which
is a disadvantage for a population-based metaheuristic. The majority
of the optimal shapes obtained correspond to hourglass shapes for the
slots [13,23]. An optimization algorithm could get stuck in a local
optimum depending on the original configuration of the SSD damper, as
shown in Ref. [13]. It is worth mentioning that there is no benchmark
study to define the global solution for the SSD damper in a building,
which implies further research.

4. Concept of celullar automatas in topology optimization

Cellular automata (CA) comprise a network of identical cells (slots)
with an assigned state that can be represented in one or more dimen-
sions. Each cell interacts with its defined neighbors and has a set of
possible states, such as a black-and-white strategy. The state of each
slot evolves by applying a set of local rules that consider the current
state of the cells and those of its neighbors. It is worth mentioning
that the application of the rule is carried out in parallel, accelerating
the computations. This concept is illustrated in Fig. 10, where simple
rules lead to the development of complex behavior in the popular
game of life. That property of CA can be used to apply problems in
different fields of knowledge such as spread of infectious diseases [43],
management of evacuation from a sporting event [44], organizational
management [45], music composition [46], understanding online pub-
lic opinion [47] and protection of the Internet of Things [48]. Fig. 11
shows an example of a CA in nature, a typical distribution for a 3D
structure, and a CA-based civil structure. The question now is how to
use the CA technique to solve a given problem with specific characteris-
tics. Detailed information on the conceptual and mathematical aspects
of CA can be found in references such as [49,50].

There is a natural comparison between the CA 2D array in Fig.
10 and the optimization of the topology of a simply supported beam
under a vertical load in the center. This is because the finite element
mesh defined for a structure can be formulated in terms of voids and
material points. Then, it is important to define a strategy for evolving
the structure to its optimal shape. Hybrid CA [20] is an alternative for
optimizing the mechanical topology of a solid structure by discretizing
the physical domain into a regular array of CA. The state of the ith
automaton is related to the presence or absence of material in the
corresponding location, x, representing the CA mass. It also defines
the state value corresponding to the stimulation of the CA. The state
of the variables is assessed from the finite element analysis, which
reduces the residual between external work and the internal energy to
zero for each interaction. Each automaton locally modifies the design
state variables until they reach the optimal value. This means that the
rules aim to minimize the absolute error between the energy density
of local deformation and the objective value. The algorithm begins
with defining the design domain, the material properties, the load
conditions, the boundary condition, and the initial values of the design
variables. Then, the initial value of the state variables is computed
using the finite element analysis of the structure. The evolution rule
is applied to modify the design variable. Then, the convergence of the
process is verified after no improvement is observed.

Fig. 12 presents an example of the application of the hybrid CA
to a simply supported beam with a vertical load in the middle as
proposed in [20] and which the authors implemented to assess its
correct application. The method requires a posterior discretization
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Fig. 11. Cellular automata as imagined by Midjourney IA for: (a) a leopard in nature, (b) 2d Typical distribution array and (c) a roof structure.
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(b) Optimization

(c) Discretization

Fig. 12. Example of optimization whit HCA - Michelle Beam.

process in Fig. 12(c) after the optimization process in Fig. 12(b). The
HCA method is a computational technique that can obtain optimal
topologies from local rules, even though the method is not an explicit
optimization technique.

5. Application of cellular automatas in topology optimization of
SSD

5.1. Formulation of the optimization problem

In this research, the Hybrid Cellular Automata Technique [20] is
applied to determine the optimal shape of an SSD damper (see Fig.
6). As with any conventional optimization problem, it is necessary to
establish a mathematical model that includes the objective function,
the design variables, the design parameters, and the constraints. While
defining the optimal SSD configuration, it is desired to reach two
conflicting objectives: the maximization of deformation energy and the
minimization of the mass of the SSD damper. It is used the following
equation to transform the problem into a single-objective one:

Min c(x)=fU)+g(M) (€Y

where f(U) and g(M) are functions of the deformation energy U and
the mass of the damper M. x represents the domain of the problem,
represented by the mesh of the finite element model. As the objectives
are conflictive, Eq. (1) is transformed into:

. _ U _ M (x)
J\/Ixmc(x)—w _Uo +(1 w)g—MO (2)

where U, and M, are the initial values of the deformation energy
and the mass, respectively. For a specific SSD damper configuration,
such values are obtained from the finite element analysis in ANSYS, as
presented in Section 2. w is a weight factor to consider the contribution
of each term, ranging from O to 1. Since w is positive, the optimal
solution is guaranteed to belong to the Pareto front.

The computational representation for the SSD damper is presented
in Fig. 9, considering the possibility that the quantity of the mass varies
during the optimization process. Thus, the design variables correspond
to the possibility that each finite element in the rectangular domain has
or does not have a material point. The design variables are binary type,
where 0 indicates a void point and 1 indicates a material point. Thus,
for the finite element located in the position (i,j) of the rectangular
domain is given:

_J 0
*an =Y

— void
i.j) € £ 3
— material X SSD &

where Qg indicates the domain of the damper. The design param-
eters correspond to all the information that does not change during
the evolutionary process. This includes the external dimension of the
search space (width and height of the damper) and the steel prop-
erties (modulus of elasticity, density, hardening coefficient, ultimate
strength). It also covers the cyclic displacement protocol, the supports
and the parameters for finite element modeling. Finally, the problem
does not present additional constraints.

5.2. Transforming an SSD configuration using heuristic rules

Cellular automata can be seen as a single solution-based optimiza-
tion algorithm, since it transforms the current solution by applying
mathematical operators. The transformation is based on the state vari-
able, corresponding to the density of total energy deformation (the sum
of the elastic and plastic deformation energy). Fig. 13 summarizes the
procedure for turning a solution in the jth iteration into a new solution
applying the following operations: (i) updating the target energy, (ii)
updating the field variable, (iii) the updating of the design variable,
and (iv) application of the local evolution rule.

The local rule of evolution presents the following structure:

x; 1+ 1) = x; () + Ax;. 4

where i in the cell in the analysis and 7 is the current iteration. Ax; is
the change in mass and ranges from —0.1 to 0.1. This value depends on
the error between the effective variable state y; and the objective value
y;. As defined by

ey =S8,m-y (5)

The definition of the target deformation energy plays a very impor-
tant role in balancing the mass fraction and dissipated energy. In this
research, the average of the energy deformation for the entire domain
was used as the objective variable, as follows:

= TS

! N
where N is the number of elements in the finite element model and .S;
represents the deformation energy of the ith element.

The set of local evolution rules operates using the information from
the neighborhood of each cell within the cellular automata array. The
effective state variable § measures the average structural performance
of a cell and its neighboring cells and the effective design variable x
measures the average mass. This approach can be seen as a filtering

(6)



A. Mendoza-Cuy et al.

Begin

Input:
*Deformation energy of the SSP
damper
*SSP damper configuration

|

Update the target, y;*
N .

¥ _ Li=1vi

N

Vi
Update the field variable, S;
Si(t) + =1 Sk (®

N+1
Update the designvariable, x;
xi(8) + Zh g % (1)

N+1

Apply the localevolutionrule
1

yit \P1
x,-(t + 1) = xi(t) (yl(t))

Si(0) =

xi(t) =

Fig. 13. Evolution rule.

technique that reduces numerical instabilities, such as the chessboard
or the mesh dependency. Then

S O+IN S0

5.0 : @
N +1
N
= 2O 2 O ®
N +1

where i and k correspond to the cell and the neighbors under analysis.
t is the current iteration. N is the number of neighbor cells depending
on the neighborhood type.

Although the HCA technique employs local rules to distribute ma-
terial, the stop criterion for the iterative process relies on global infor-
mation. To mitigate premature convergence, the convergence criteria in
this study were based on mass changes between consecutive iterations.
The mass change can be computed as

N

AM (1) =Y |x; (1) = x; (= 1) ©)

i=1

with the stop criterion given by:
w <0.0001 - N (10)
5.3. General procedure and limitations

Fig. 14 presents the general procedure of the proposed CA for
optimizing SSD dampers, considering the ANSYS software as a motor
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Fig. 14. Hysteresis Cycle for the initial and optimal configuration.

100

Fig. 15. Initial configuration device with vertical slots.

for finite element analyses. It is necessary that the user provides the
entire information to configure the SSD damper, the description of the
load protocol, the parameters of the finite element analysis and the
parameters of the cellular automata. The stop criterion is defined as the
stagnation of the deformation energy during three successive iterations.
This method is equivalent to the one developed by Tovar [20], with ap-
plication specific to the problem studied. It is worth mentioning that the
proposed procedure does not require the computation of derivatives,
easing the numerical procedure.

It is worth mentioning that the main limitations of the problem are
related to:

The behavior of the plate is limited to the plane of the device,

where the main displacement occurs during the earthquake.
The results are limited to considering the behavior for one loading

cycle, which reduces the computation of the behavior of the
device.

The results depend on the ability of the material modeling to

represent the behavior of the damper under cyclic load.
The initial domain of the SSD damper is rectangular and is

dependent on the height-width ratio.



A. Mendoza-Cuy et al.

Advances in Engineering Software 206 (2025) 103921

w=10% w = 20% w = 30% w = 40% w = 50%
y*=17694 |y* = 07864 |y* = 04587 |y' = 02949 |y’ = 0.1966
Trp—— T ——— = =T
=y A dt 8 —i—s T —_— -
w = 60% w=70% w = 80% w = 90% w = 100%
y*= 01311 | y*=00843 | y*=00492 | y*=0.0218 y*=0
|.+.|H”.|”||||||-|-|

Fig. 16. Percentage of mass participation in the evolution rule for vertical slots.

w =10%
y* =48505

w=20%
y* = 2.1558

L
b
L

w =30%
y* = 12575

(3
N B TUI CIL I S I B
& @

w=40%
y* = 0.8084

w =50%
y* = 05389

rw = 60%
y* = 0.3593

w=70%
y* =02310

b g
==
L
rm—

w = 80%
y* =0.1347

w=90%
y* =0.0599

w =100%
y" =0

*o

* &

Fig. 17. Percentage of mass participation in the evolution rule for circular slots.

6. Numerical examples
6.1. Optimizing a SSD damper with vertical slots

In this investigation, the CA-based methodology was first tested for
optimizing the topology of a configuration of an SSD damper with
four vertical slots of 100 mm X 5 mm, as presented in Fig. 15. This
configuration was chosen to compare the performance of the proposed
methodology with the previous results obtained in Refs. [13,23]. All
three numerical approaches use only one solution per iteration to
solve the optimization problem. Such characteristic of this algorithm
is essential for optimizing the shape of the SSD damper due to the
computational cost of assessing the structural response by a non-linear
finite element analysis. As mentioned in Section 5, there are three user-
defined parameters to ensure the correct performance of the CA. These
parameters correspond to the percentage of mass participation (w) for
the calculation of the objective state variable in the evolution rule, the
type of neighborhood, and the approximation factor.

Fig. 16 presents the impact of different values of w on the evolution
of the cellular automata for a damper with vertical slots. The objective
value y * decreases as w increases, showing a critical range of values.

For values lower than 20%, the mass participation is minuscule, which
means that the dampers will not have enough material to maximize
their EDC, and the probability of losing the physical sense of the plate
increases, as observed in the two disconnected regions on the upper
and lower part. Numerically, the generation of configurations with
disconnected regions is possible due to the strategy of representing a
void with a material that has a very low modulus of elasticity. It is
worth mentioning that it is not physically possible to have disconnected
regions in the SSD configuration. For values higher than 50%, it is noted
that there are a high quantity of mass in the domain, which makes it
difficult to remove material points to minimize the mass on the damper.
Another case is presented using circles for the initial shape of slots, as
shown in Fig. 17. In this case, values higher than 50% slightly change
the topology of the damper, and this is because the initial geometry
presented a high EDC value. No disconnected regions are observed for
any of the w values. Taking into account the two above results, it was
decided to use a w value of 30% for all the examples analyzed in this
investigation.

Four cases were evaluated to determine the state and design vari-
ables, using all possible combinations of Moore and empty Neigh-
borhoods. The first case involves assigning an empty neighborhood
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Fig. 19. Definition of the approximation Factor.

for the state and design variable (E-E case). In the second case, the
state variable is modified to have a Moore neighborhood (M-E case).
The third case does the opposite, assigning a Moore neighborhood to
the design variable (E-M case). The four case uses a Moore neigh-
borhood for both variables (M-M case). Fig. 18 shows the result for
the first iteration in the SSD damper with vertical slots, showing the
superiority of using the Moore neighborhood for both variables (M-
M case). As can be seen, the other combinations of neighborhoods
generate disconnected areas for the damper, compromising its physical
representation. As happened for the damper in Fig. 16, it is necessary
to avoid the situation of disconnected regions to have feasible dampers.
In addition, it was observed that the transformation of void points into
materials is numerically challenging for all cases. Therefore, the Moore
neighborhood is used for the following analysis.

The final CA parameter to be defined is the approximation factor,
which influences the connectivity of all the material points in the
damper. The definition strategy involved observing the value of the
design variable after applying the evolution rule. For the case of
the SSD damper with vertical slots, the approximation factor ranged
between 0.0475 and 149.82; thus, it takes some values in this range.
Fig. 19 shows that it is necessary to have an approximation factor
less than 1 to guarantee an adequate topology. A correct definition
of the approximation factor is required to avoid the possibility of
disconnected material regions. It is worth mentioning that a value of
1 was also assigned for the state variable.

With the proposed methodology, the state of each cellular automa-
ton can change from zero to one or from one to zero, meaning that the
voids can become material points and vice versa. Fig. 20 presents the
results of the application of the proposed methodology. The optimal

10

solution has no internal slots but features a curved boundary that
narrows at the mid-height. This solution achieved a E/m ratio of 6.06,
representing a 400% increase over the initial solution. The energy
distribution is uniform within the plate. Convergence was achieved in
just fourteen iterations, demonstrating the efficiency of the methods.
Notably, the solution increased threefold since the second iteration.

The hysteresis cycle obtained while applying cyclic displacements
to the damper is a simple graphical way to observe the advantage of
applying topological optimization. Fig. 21 shows the hysteresis cycle
both for the SSD damper with vertical slots and for the configuration
obtained with HCA. An increase in the initial stiffness before yielding is
observed. A hardening process with the increment of the displacements
is also observed. Visually, it is possible to appreciate the significant
change in the area of the loops. It is worth mentioning that the effect
of the displacement protocol affects hysteresis, but this condition is not
assessed in this research.

Table 2 presents a comparison with respect to the results obtained
in [13,23]. The first research used a Bidirection evolutionary struc-
tural optimization (BESO) algorithm, while the second used the sim-
ulated annealing. These algorithms typically correspond to gradient
and heuristic topology/shape optimization approaches, respectively.
The first column refers to the weight of the optimal solutions. The
first study maintained the weight during the optimization process. As
observed, the plate obtained in this research weights 13% more. The
initial Energy Dissipation Capacity (EDC) differs slightly between the
three studies, possibly due to the modeling details. Such differences
do not affect the conclusions of the comparison. When computing the
energy-mass ratio, it is possible to compare several cases. This research
presents the highest performance, including an increment of 350% from
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the initial solution. Finally, the CA-solution reduce to 32% the number
of iterations compared with those required in [23] and 28% compared
to values reported in [13]. Thus, the proposed methodology presents
an advantage from a computational point of view.

6.2. Assessing the impact of the initial configuration in the optimal solution

One challenge found in the shape optimization of SSD dampers is
defining its initial configuration. This is because there are many feasible
solutions and no rules exist for choosing the most appropriate one.
In addition, selecting the best from a set of possible configurations
does not guarantee that the optimal solution will be obtained. Thereby,
typical slot shapes such as rectangles, circles, rhombic, and squares are
used (see Fig. 22). In this research, the proposed CA was applied to five
additional configurations of slots: (a) one circular slot with a 25 mm
radius, (b) two circular slots with 18 mm of radius, (c) four circular
slots with a 12.5 mm radius, (d) four horizontal rectangular slots of
60 mm x 8 mm and (e) four square slots of 22.5 mm of side. Cases (a)
to (c) are used to verify the effect of the number and size of the slots.

Figs. 23 present the results of the energy dissipation distribution
for different initial configurations with rectangular slots. The maximum
E/M ratio obtained is observed to be 3.82 J/kg, with the dissipation of
the primary energy occurring around the edges of the slots. The lowest
E /M ratio corresponds to the case of vertical slots, with a value of 1.50
J/kg. There are concentrations of energy dissipation in the corners of
the slots and between slots for the initial configurations. However, the
optimal solutions at the bottom present the same topology for all initial
cases, with an increase in the mass of the damper and a reduction in
the middle height of the damper. The obtained configurations have an
average E/m ratio of 6.05 J/kg and a maximum difference of 0.05 J/kg.
The energy distribution shows a remarkably high use of the vertical
center region of the SSD damper, with a higher concentration on the
corners of the damper. Another advantage of the algorithm is that
running it multiple times for the same configuration is unnecessary,
unlike stochastic heuristics.

The behavior of the algorithm, as shown in Fig. 24, is observed
when analyzing an SSD damper with circular slots for different numbers
of slots while maintaining the same area of voids. These circular shapes
are superior to the rectangular ones, with the minimum ratio E/m
being 2.90 J/kg and the maximum being 4.12 J/kg, values higher
than those reported in Fig. 23. In this case, the average value is also
6.05 J/kg and a difference of 0.07 J/kg. The results proved that the
algorithm can achieve the optimal solution with varying amounts and
distribution of circular slots. This is in agreement with the findings
of Ref. [13], where the final topology strongly depends on the initial
configuration. It is recommended that further tests be conducted with
different boundaries, although this is beyond the scope of current
research.

6.3. Convergence process

Fig. 25 presents the results of the convergence process for the ob-
jective function related to the energy f(U) and the mass g(M), as well
as the weighted combination. As expected, the increment in the EDC
happens with the increment in the number of iterations. Concerning
the mass, it would be desirable for the mass to increment, but it is
observed that, in general, the mass rises slightly and linearly. Another
important aspect is that fewer than fifteen iterations are needed to
achieve the optimal solution in all cases. In most cases the shape
achieve an E/m ratio close to 90% of the optimal value with only five
iterations. This helps to control the computational cost associated with
the optimization process. From the results, it is possible to conclude
that the approximation for the E/m ratio is suitable to understand the
problem. In practice, it will be necessary to have a target EDC for a
given structure and seismic hazard. Thus, this formulation can help to
assume a specific contour, as the initial slot shape is not influenced.
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Table 2
Comparison with previous research.
Author Ghabraie et al. [23] Ferrer-Fuenmayor and Villalba-Morales [13] This Research
Initial EDC (J) 1124 1085 1132
Final EDC 2203 4007 5119
Final Mass (gr) 747 747 844.7
Ratio final E/M 2.94 5.36 6.06
Increase (%) 96 269 350
Iterations 44 50 14

(a) (b)

Fig. 22. Initial configurations: (a) One circular slot, (b) Two circular slots, (c) Four circular slots and (d) Four horizontal slots.
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Using circular slots reduces the number of iterations required to achieve
the solution. Some additional issues are discussed in the following
section. Fig. 26 shows the convergence of the E/m ratio. The solution
achieved at least 90% of the optimal value for all tested cases in a few
iterations. These results reinforce the CA’s ability to find the optimal
solution with only a few low finite-element analysis.

6.4. Effect of load and geometrical asymmetry

Another aspect introduced into the algorithmic formulation was the
imposition of a symmetric solution with respect to two orthogonal axes
crossing the center of the damper. Fig. 27 presents three cases of initial
non-completely symmetric conditions, along with their corresponding
Von Mises stress states. Due to the symmetry of the load, when the
solution is reflected across a symmetric axis, the stress states are also
reflected. Not all solutions caused yielding through the entire damper.

a)
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This raises the question of what would happen if symmetry were not
imposed on the optimization process or the initial condition. Fig. 28
shows the result of eliminating the restriction for symmetry for the
CA-based algorithm for a initial SSD configuration with an asymmetric
circle slot. The results indicate that the algorithm tends to find the same
optimal topology for the SSD damper presented in Fig. 20 despite the
initial solution not being symmetric.

Above all, assuming that a displacement load is not symmetrical in
an earthquake event, this would allow the width for the top and bottom
of the device to be different. Fig. 29 presents an asymmetric protocol
used to optimize the configuration of the SSD damper presented in iter-
ation zero of Fig. 30. After the execution of the CA-based algorithm, the
results have yet to be compared with the best configuration obtained in
Fig. 20. Such results would indicate that the algorithm has the ability
to optimize in asymmetric loads and geometric conditions.

6.5. Effect of multiple load cycles

An approximation made in this study is that the optimal solution
was found considering one cycle of displacement on the device. First,
it was analyzed the case where the plate presented two and four slots,
as shown in Fig. 31. In this case, the sections with two and four
slots supported 15 and 4 cycles, with a EDC of 32680J and 3991J,
respectively. For the last cycle, both plates have yielded in most areas.
In addition, the structural response of the initial and optimal shape of
the damper in Fig. 15 was analyzed to be subjected to repetitive cycles.
It was found that the initial shape resisted 23 cycles, producing an EDC
of 19357 J, while the optimal shape supported only nine cycles with
an EDC of 31841 J. Fig. 32 shows the Von Misses stresses for the plate
after the loading processes. The yield was observed to propagate to the
middle height of the plate in the initial configuration, indicating under-
utilization of the material. In the case of the optimal solution, a better
distribution of the stresses was observed. These results highlight the
importance of considering multiple cycles in the optimization process
and the necessity of implementing failure criteria.

6.6. Effect of height/width ratio

Finally, the definition of the initial width/height ratio is discussed.
In this research, initial values were assumed to be compared with
results from the literature. However, it is possible to conserve the same
quantity of material for different shapes. Fig. 33 presents the stress
distribution and energy dissipation capacity for different width-height
W — H ratios considering one rectangular slot. As expected, as the W —
H ratio decreases, the EDC increases, with a difference of more than
10,000 joules for the extreme cases. This is because more material is

b)

c)

Fig. 27. Effect of non-symmetry.
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Fig. 29. Asymmetric cyclic load protocol.

Fig. 28. Application of the CA-based algorithm for the optimization of a SSD damper with an asymmetric initial configuration.

7. Conclusions

This paper presented a new methodology for optimizing the shape of

steel slotted dampers based on the hybrid cellular automata technique.
Several examples were used to test the proposed methodologies, with
the following findings:

directly stressed from their connection to the superior beam. However,

it is necessary to consider that, as the width increases, it becomes

more difficult to guarantee a total displacement restraint on the bottom

side of the dampers. Such results shows the necessity of modifying the
problem to determine the optimal design in a semi-opened space where
a target EDC should be achieved.

The CA-based algorithm found results that improve in at least
300% the energy dissipation capacity of an initial configuration
tested with vertical slots.

The computational implementation of the proposed methodology
proved to be not difficult and it can be adapted to other type of
steel hysteretic dampers.

It was possible to formulate an optimization problem where the
mass can vary through the optimization process, considering the
quality measure as the dissipated energy/mass ratio.

The optimal shape is less dependent on the optimal solution
obtained, as it was found for most tested trajectories.

The algorithm requires fewer than 15 iterations to get the optimal
result for all the cases. This situation is a positive aspect for
reducing the computational cost.

There exist some further investigations that need to be conducted.

The first issue is related to the carrying out of an experimental test on
several configurations of SSD dampers to obtain a better description of

the low-cycle fatigue. In addition, it is necessary to understand the use
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Fig. 30. Application of the CA-based algorithm for the optimization of a SSD damper with an asymmetric cyclic load displacement.

Fig. 31. Response of a SSD damper with two and four slots under several cycles of
displacements.

Fig. 32. Response of the initial vertical and optimal devices under several cycles of
displacements.
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of non-symmetrical cyclic displacement protocols to represent the real
situation under an earthquake, eliminating the symmetry concerning
the x-axis, and using several load displacement cycles.
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