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Concentric  bracing systems are a popular solution for
strengthening moment frames due to their high lateral
stiffness, ease of installation, and low cost. However,
buckling in compression members can result in sudden loss
of strength and less deformability. Researchers have
suggested using steel slit dampers to increase deformability
and energy dissipation in this system by directing damage
away from bracing members. In this study, 265 finite
element models were analyzed in ABAQUS software based
on previous experimental investigations and the installation
configuration of the combined elliptical slit elements with
Chevron bracing system in a moment frame. The effects of
varying each geometric parameter of the element, including
thickness, width, height, and number of slits, as well as the
minor diameter of the elliptical slit, on the behavioral
characteristics have been investigated in a three-dimensional
parametric space. These characteristics are such as elastic
stiffness,  ductility, force capacity, and cyclic energy
dissipation. Finally, and based on conducted numerical
analysis, suitable ranges for each geometric parameter have
been proposed to facilitate optimal design of the element.
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1. Introduction

Over the years, the application of steel-yielding dampers has been widely proposed due to proper
seismic performance and installation costs to strengthen structural frames. Moment connections, as
well as concentric bracing systems, are the most frequently used in which these dampers have been
applied. In a concentric bracing system, buckling in braces causes the structure to experience a
sudden decline in stiffness and strength during seismic performance. In beam-to-column
connections, similarly, stiffness and energy dissipation decrease during cyclic loading due to plastic
area expansion from the beam to other elements of the moment connection. As mentioned
previously, a suitable approach to improving the seismic behavior of a concentric bracing system is
the application of yielding steel dampers such as ADAS and TADAS, proposed by Luis [1].
Furthermore, other types of yielding dampers that have been recently developed are steel-yielding
elements with multiple slits. Conducted studies by Wada et al. revealed that steel-yielding elements
with slits have a stable hysteresis curve [2]. After applying seismic displacement to the two ends of
steel slit dampers (SSDs), the struts between the slits yield and become inelastic. Consequently, the
absorbed seismic energy of the frame will be dissipated. The design and installation procedure of
the SSDs must be in such a manner that the damper becomes inelastic before other frame elements;
otherwise, the damper will act as an ordinary element without the ability to dissipate energy [3, 4].
Farahi and Mousavi [5] investigated the differences between the slit element with rectangular slits
and with elliptical slits. Accordingly, their study revealed that the element with rectangular slits has
considerable stress concentration at the two ends of each strut and cannot react entirely in a plastic
manner. Conversely, the element with elliptical slits has a wide stress distribution and is capable of
increasing seismic energy dissipation up to 99.6% in comparison to the element with rectangular
slits. Lee et al. [6] proposed a new shape of slit that was similar to an hourglass to improve the
performance of the rectangular slit damper. Experimental results under cyclic and monotonic
loading showed a considerable increase in energy dissipation and strength. Moreover, they
conducted a numerical and experimental study on the combination of a friction damper and a non-
uniform slit element. Results indicated a rise in deformability and energy dissipation in the
combined damper in comparison to the single one [7]. Ahmadie Amiri et al. [8] studied the behavior
of a block slit element using finite element analysis and experimental models. Due to a lower
length-to-thickness ratio in this element compared to others, shear capacity is higher, and the
element is more economical. They found that reducing the element shape factor increases the shear
capacity and energy dissipation of the element, but the displacement capacity will be reduced.
Furthermore, increasing the element thickness will reduce the out-of-plane buckling of the sample.
Finally, they discovered that the height-to-width ratio of the struts has a substantial impact on the
overall behavior of the element, and by increasing this ratio, the area of hysteresis loops and energy
dissipation of the element significantly rise. Saffari et al. [9] studied the impact of the slit element
on the moment connections of the beam to the column in which the element was located at the top
and bottom of the beam. They realized that the slit elements increase the absorption and dissipation
of seismic energy at the connection area and reduce the plastic strength loss at the column flange.
As a result, the geometry of the plastic hinge will almost be stable during cyclic loading, and the
overall energy dissipation of the combined system will remarkably increase. Koken and Koroglu
[10] conducted an experimental study on beam-to-column moment connections based on findings
from welded connections in the Kobe and Northridge earthquakes. They developed a steel slit
damper to reduce deformations in the beam and column. Zabihi-Samani [11] investigated the
optimal configuration of the beam-to-column moment connection equipped with a slit element.
They realized that the stiffness and damping of the element depend highly on the thickness, height,
and number of slits. Liu et al. [12] studied six experimental samples of column connections and
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column bases equipped with steel slit dampers and proposed a new configuration for this
connection. Experimental evidence indicated that the column with the proposed connection had a
remarkable performance in terms of stability, deformability, and lateral stiffness. It could be
repaired in place for column drifts up to 3%. Moreover, the column could tolerate lateral loads up to
the drift of 5%. Lee et al. [13] conducted a numerical and experimental study on the application of a
steel slit damper in X-bracing systems to prevent buckling in braces. They found out that the slit
element has stable hysteresis curves under shear forces and causes a considerable increase in the
energy dissipation of the system. Chan and Albermani [14] experimentally investigated nine
samples of a slit element with a thickness of 8 millimeters in a chevron bracing system. Considered
variables in this study were the width and height of the slits, and results showed that the element
with larger amounts of strut width and total length has higher deformability. On the contrary, they
realized that the element with smaller strut width and total length has higher stiffness, so it will be
damaged faster during cyclic loading. Kim and Jeong [15] studied the application effect of slit
dampers in asymmetrical buildings. They proposed a method based on the level of seismic target
performance and displacement response in the horizontal and vertical direction to determine the
number and proper location of the dampers, aiming to reduce irregularities. Kim et al. [16] studied
the retrofitting of existing buildings with steel slit dampers. They presented an algorithm for
locating the dampers in buildings based on story drifts and capacity spectrum. NourEldin et al. [17]
investigated the retrofitting of buildings with 3, 5, and 8 stories using a steel slit damper equipped
with two shape memory alloy cables. After conducting nonlinear dynamic analysis and examining
the fragility curves, the results indicated that due to the reversibility in the used cables, the behavior
properties of the slit damper, especially the stiffness and energy dissipation capacity, were
remarkably improved. Nik-hoosh and Kafi [18,19] conducted a numerical and experimental study
on several steel slit dampers with different slit shapes. Firstly, he investigated 27 experimental
samples with various slit shapes. Afterward, he conducted a finite element analysis on the models of
experimental samples to precisely investigate each element with a different slit shape. The results
implied that the elliptical shape of the slit element, considering the behavior properties including
deformability, loading capacity, stiffness, and damage index, had the best performance among all.
Finally, he presented an optimal shape for each element using optimization algorithms. Ahmadie
Amiri et al. [20] conducted a numerical study on the effects of installing block slit dampers (BSDs)
in a low-rise steel building with moment-resisting frames. Initially, they developed a simplified
model of the damper based on experimental results and finite element analysis in Abaqus software.
Subsequently, using the endurance time dynamic analysis method, they proposed a design
procedure based on the performance of the aforementioned building and examined the results of
installing the damper. The findings indicated that BSDs effectively reduced story drifts and absolute
floor accelerations, suggesting their potential as an efficient system for retrofitting or designing
moment-resisting frames. Kim et al. [21] conducted a study to investigate the effectiveness of a
combined steel slit damper in controlling a structure's response to seismic loading. They presented
two types of slit dampers in their research. The first model featured struts with varying geometrical
specifications, while the second model had struts with different yield stresses. The study utilized
both numerical simulations and experimental testing to analyze the performance of the two damper
models. Oh and Park [22] investigated the impact of additional tensile forces on the cyclic behavior
of a flexural yielding-type steel slit damper. The variables that were examined in their experimental
model included shear loading and loading in a combination of shear and tension. The results
showed that the cyclic behavior of the sample under shear loading was parallelogram-shaped, while
under shear-tensile loading it was butterfly-shaped. Lee et al. [23] introduced a seismic control
system with non-buckling slit dampers installed in a window configuration. They studied the impact
of this system on a reinforced concrete moment frame. The findings revealed that the moment frame
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without the control system experienced shear failure at a seismic intensity of 200 cm/s>. On the
other hand, the retrofitted moment frame with the proposed system and under the same loading
experienced only minor damages. Rousta et al. [24] performed a finite element analysis on different
types of metallic yielding dampers using pushover and cyclic analyses. The findings suggested that
as the damper height increases, the effective stiffness and damping decrease. Moreover, Steel Plate
Dampers (SPD) demonstrated the highest levels of stiffness and energy dissipation.

In the present study, mesh sensitivity analysis has been conducted on three models with different
mesh sizes, and the results have been compared with the experimental ones from Nik-hoosh's study
[18,19] to verify the finite element model in ABAQUS software [25]. After that, the effect of
changing each geometrical parameter of the elliptical slit element on its behavior properties,
including elastic stiffness, deformability, force capacity, and normalized hysteretic energy, has been
thoroughly investigated. Finally, a suitable range for each geometrical parameter is proposed based
on the aforementioned behavior properties of the element.

2. Basic model and loading protocol

The finite element model, based on Nik-hoosh's experimental sample [18,19], is presented in Fig. 1.
To simulate the plastic behavior of steel material in ABAQUS, the Combined Hardening method
with half-cycle data type is used based on the experimental findings of Nik-hoosh [18,19]. The
experiment involved a tensile test conducted on a rectangular sample made of steel type ST37 and
with dimensions of § mm by 10 mm and a length of 100 mm. The stress and strain values are
represented in Fig. 2. The loading boundary conditions of the model are also presented in Fig. 1.
Accordingly, the bottom flange of the element has all degrees of freedom fixed while only the
degree of freedom in the direction of the cyclic load (Z direction) is free for the top flange.
Therefore, similar to the lower flange, all other degrees of freedom in this flange are fixed. It is
worth mentioning that the ABAQUS software can simulate out-of-plane buckling by considering
the imperfection corresponding to the out-of-plane buckling modes of the element if necessary [25]

S, 2

Fig. 1. The FEM model.
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Fig. 2. Stress-strain values of the steel material in the model [18,19].

The dimensions of the FEM model are shown in Fig.3. All of them are in millimeters, and the web
thickness is 8 millimeters.
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Fig. 3. Dimensions of the FEM model. (a) top view, (b) side view.

Additionally, the ductile damage model is used to simulate the progressive degradation of the steel
material stiffness and strength due to plastic deformation in the finite element model. In ABAQUS,
simulating ductile damage commonly involves using both damage initiation criteria and damage
evolution laws. These elements work together to accurately define the progression of damage as a
function of additional plastic deformation. The initiation of ductile damage is often defined using a
ductile criterion based on fracture strain, stress triaxiality, and strain rate, and the evolution can be
specified in terms of the equivalent plastic displacement or energy dissipation [25]. In this study,
after performing calibration operations on the model, the parameters related to ductile damage in
the software are defined in a tabular form for two conditions. In the first and second conditions,



A. Sadeghinia et al./ Journal of Rehabilitation in Civil Engineering 13-1 (2025) 96-112 101

respectively, the fracture strain is set to 1 and 0.5, the stress triaxiality is set to 0 and 0.4, and the
strain rate for both conditions is set to 1. Additionally, the damage evolution is of the displacement
type, and maximum degradation is considered, applied to the model as linear softening. The steel
elastic modulus of the model is considered to be 218000 MPa based on the experimental sample
[18,19]. The applied loading protocol, according to the experimental study, is based on the ATC 24
standard [26] and is presented in Fig. 4.

40
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Displacement(mm)
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Number of cycles

Fig. 4. Cyclic loading protocol [26].

The shell-homogeneous element is utilized to model the experimental sample in ABAQUS. After
performing mesh sensitivity analysis on the model and comparing the resulting plots of the
hysteresis loop and push of the hysteresis loop to those of the experimental sample, the approximate
global size of the mesh in the model is chosen to be 3 millimeters. The related plots are
demonstrated in Fig. 5.
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Fig. 5. Comparison of hysteresis loop and envelope curve of experimental sample [18,19] and FEM model.
(a) envelope curves, (b) hysteresis loops.
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Finally, for a more accurate comparison of the defined damage model in the software with the
experimental sample [18,19], the stress distribution of the finite element model is presented in
Fig.6(a) and the corresponding experimental sample is shown in Fig. 6(b).

(@ (b)
Fig. 6. Comparison of damage distribution. (a) FE model, (b) experimental sample [18,19].

3. Parametric models and element behavior

The geometrical parameters investigated in this study are the height-to-width ratio of the strut (h/b),
the ratio of space between the slits and flange to the strut height (h'/h), the proportion of the minor
diameter of the slit to the strut height (d/h), the ratio of thickness to strut width (t/b), and the number
of slits (n). All these parameters are shown in Fig. 7.

Fig. 7. Geometrical parameters.

Based on the performed research projects about the slit dampers and the method of installation in
the frame presented in Fig. 8, each strut between the slits acts as a beam with fixed supports at both
ends, in which the strut height and the strut width represent the beam span and the beam profile
height, respectively. Moreover, the Timoshenko beam theory [27] has been considered to produce
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and survey several finite element models with different geometrical parameters. According to this
theory and the results of other studies, the flexural or shear behavior in a beam depends highly on
the ratio of length to thickness. If the ratio becomes greater than 10, the deformations in the beam
are mainly due to bending rather than shear, and vice versa [28-30]. Consequently, the ratio of
height to width of the strut (h/b) has a major effect on behavior properties based on the yielding
mechanism of the element, and the effects of this parameter have been investigated at the first stage.
Several finite element models have been produced to observe the effect of (h/b) on element
behavior, and only the (h/b) ratio is different between the models. Other geometrical parameters are
considered to be constant in this stage.

q

Clciisiisr /
Fixed End N

Fixed End

srrrrET

Fig. 8. Method of installation in moment frame.
4. Element behavioral properties

To study the effects of each geometrical property of the element, four seismic behavior properties,
including deformability (u), force capacity, elastic stiffness (Ke), and normalized hysteretic energy
(Ep n), have been considered and calculated based on the following. After producing the plots of the
hysteresis push loop based on the obtained results from the ABAQUS models, each plot has been
transformed into a bilinear plot according to the EEEP method of ASTM E2126 standard [31] to
calculate the behavior properties. Then, by utilizing the bilinear plot and related equations from the
standard, elastic stiffness, yield load (Py), ultimate displacement (Du), and yield displacement (Dy)
for each model are calculated. Finally, equations (1) to (4) determine the behavior properties for
each model.

. (1

)

¢ 3)

Ideal Force Index = %

Y 4
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It is crucial to mention that enlarging the dimensions of each model increases the maximum
possible displacement and maximum bearable load. Consequently, hysteretic energy in models with
larger dimensions is much greater than in smaller models. Therefore, this behavior property is not
suitable for comparing the models with each other. In this regard, the hysteresis loops in each model
are normalized to their maximum applied force and Du at first. Then the hysteretic energy is
calculated from the normalized plot. In the above equations, Pmax, Ke, De, and A represent the
maximum applied force, elastic stiffness, the displacement related to 40% of Pmax, and the area
under the envelope curve until Du, respectively.

5. Effects of h/b

As mentioned earlier, the h/b ratio has a significant role in the overall mechanism of the slit
element. Accordingly, to investigate the effect of altering this ratio, various models are produced in
a way that the value of h remains constant and equal to that of the basic model shown in Fig.
3, while the value of b is variable. Given that the b value is variable in these models, the t/b ratio
would also change simultaneously. To prevent this, the thickness (t) in these models was selected in
such a way that the t/b ratio remains constant and equal to that of the basic model (0.5), despite
changes in b. It should be noted that other geometric parameters, including h'/h and d/h, remain
unchanged and equal to those of the basic model, as the h value is assumed to be constant in this
section. Increments in the range of 1 to 10 are considered to be 0.25. According to the results of
other research about flexural and shear behavior in Timoshenko beam theory [27-30], and aiming to
minimize the number of required models as possible, the increments for the h/b ratios more than 10
are considered to be 0.5. According to the diagrams presented in Fig. 9, it can be observed that by
increasing the h/b ratio, the mentioned behavior properties generally increase continuously, and in
the range of 8 to 10, each characteristic reaches its maximum.
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Fig. 9. Effects of increasing h/b on (a) ideal force index, (b) hysteretic energy, (c) elastic stiffness, (d)
deformability.
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However, for values of h/b greater than 10 and with the dominance of flexural behavior, the level of
fragility increases, and generally, the energy dissipation capacity and stiffness in the element
decrease significantly. According to the ideal force index diagram, the force capacity from h/b equal
to 15.5 onwards will reach its minimum value. For better clarification of the element's behavior, it is
important to note that the force index is influenced by both the element's deformability and elastic
stiffness, which are defined in the ASTM E2126 [31] standard. By examining the force index
diagram and equation (2), it is obvious that as the h/b ratio increases, the value of Pmax also
increases. However, due to the decreasing slope of the Ke value compared to the increasing slope of
the deformability diagram, the value of Py decreases. This leads to a significant increase with a
steep slope up to an approximate h/b ratio of 10. As the h/b ratio continues to increase, the element's
ability to withstand force in the plastic zone decreases, resulting in a decrease in the Pmax. This is
due to the increasing dominance of flexural behavior and the decrease in deformability. Therefore,
for considering optimal behavior for all behavioral properties of the slit element, the range of 3 to 8
is suitable. As a result, this range has been chosen as the optimal range for h/b ratios.

After examining the geometric parameter of h/b and determining the optimal range, models have
been generated in a three-dimensional parametric space, as shown in Fig. 10, to investigate the
effect of changing other mentioned geometric parameters. In this space, the h/b ratio and each of the
geometric parameters, including h’/h, t/b, and d/h, are independent variables, while each of the
behavior properties of the element is a dependent variable. To assess the effect of changing the
number of slits, other geometric parameters are held constant, and only the number of slits varies.
The values for each of these parameters for each model are presented in Table 1.

Behavior
Porperty
A

//
e
n K
b
Fig. 10. 3D parametric space of analysis.
Table 1. Shape parameter range and step.

Shape Parameter Range Step
h/b 3-8 1
h’/h 0.1-1.4 0.1
d/h 0.1-1 0.1
t/b 0.1-1 0.1

6. Effects of h’/h

With regard to the geometry of the slit element, the space between the slits up to each of the flanges
has a significant impact on the deformability, stiffness, and energy dissipation of the element.
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Hence, the effect of variations in this space has been investigated. In this regard, various models
have been generated within the range of h/b variations from 3 to 8, where h is constant, h' is
variable, and other geometric parameters are considered to be constant and equal to those of basic
model shown in Fig.3. The h’/h ratio varies in the range of 0.1 to 1.4 with increments of 0.1. The
effect of variations in h’/h on each of the behavior properties is presented in Fig. 11.
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Fig. 11. Effects of increasing h’/h on (a) ideal force index, (b) hysteretic energy, (¢) elastic stiffness, (d)
deformability.

According to this figure and for almost all h/b ratios, hysteretic energy generally increases with a
gentle slope when h’/h ratio rises from 0.2 to 0.8 and then decreases. In other words, in models with
smaller h/b ratios, given the greater predominance of shear behavior compared to models with
larger h/b ratios, increasing h'/h has a more significant effect on enhancing the energy dissipation
capacity of the specimen. This is because in these models, with the shear behavior approximately
constant, a larger volume of materials participates in energy dissipation and plastic behavior.
However, with an excessive increase in the h'/h ratio, the flexural behavior abruptly affects the
element, leading to a decrease in deformability and energy dissipation. The ideal force index
increases normally with a rise in the h’/h ratio, but it undergoes a reduction after reaching a value of
0.6. Changes in h’/h have a more pronounced effect on the variation of the ideal force index at
smaller h/b ratios. Deformability generally increases with a rise in the h’/h ratio up to a value of 0.3,
but after that, it decreases. This reduction becomes more pronounced with higher h/b ratios. Finally,
the elastic stiffness in the slit element generally decreases with an increase in the h’/h ratio.
However, the slope of this reduction on the curve becomes steeper when the h/b ratio increases in
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the element. As a result, the appropriate range for the h’/h ratio, where all behavior properties of the
slit element collectively exhibit their maximum values, is between 0.2 and 0.4.

7. Effects of t/b

As previously mentioned, different thickness values (t) significantly impact the seismic behavior
properties of the element. Various models have been generated to investigate the effect of thickness
variations within the range of h/b ratios from 3 to 8. In these models, b is constant, t is variable, and
the t/b ratio varies in the range of 0.1 to 1 with increments of 0.1. It is important to note that other
geometric parameters are constant and equal to those of the basic model. The effect of t/b variations
on each of the behavior properties is presented in Fig. 12.
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Fig. 12. Effects of increasing t/b on (a) ideal force index, (b) hysteretic energy, (c) elastic stiffness, (d)
deformability.

It can be observed that hysteretic energy increases with a rise in the t/b ratio up to a value of 0.3 in
models with a h/b smaller than 6 and up to a value of 0.7 in other models. Also, this behavior
property in models with h/b greater than 6, despite the increasing dominance of flexural behavior,
do not normally exhibit a tendency to reduce by increasing the t/b ratio. The ideal force index
decreases by increasing the t/b ratio from a value of 0.2 onwards. However, this rate of reduction
becomes steeper by increasing the h/b ratio. The deformability values in the element generally
behave similarly to the ideal force index in a way that decreases by increasing the t/b ratio from a
value of 0.2 onwards. However, this behavior is different in the model with a h/b value of 8, where
the deformability increases up to a t/b ratio of 0.4. The reason for these conditions, considering the
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corresponding plots of elastic stiffness and deformability, is the increase in the volume of energy-
dissipating materials and consequently the enlargement of hysteresis loops in the initial cycles of
the plastic region. It is noteworthy that, according to the elastic stiffness plot, increasing t/b leads to
an increase in Dy, while the value of Du undergoes relatively minor changes. Consequently,
deformability gradually decreases with the increase in the t/b ratio. Elastic stiffness in the slit
element also generally decreases with an increase in the t/b ratio to values greater than 0.2. Finally,
as observed in Fig. 12, the elastic stiffness generally increases with an increase in the t/b ratio.
However, its effect is significantly more pronounced on models with a h/b greater than 4.
Furthermore, increasing the t/b ratio up to 0.5 in models with a h/b ranging from 5 to 7 leads to a
steeper increase in elastic stiffness compared to other models.

8. Effects of d/h

Various models have been generated in such a method that the h/b ratio varies from 3 to 8 to
examine the effect of variations in the small to large diameter d/h ratio of the elliptical slit. In these
models, h is constant, d is variable, and the d/h ratio varies in the range of 0.1 to 1 with increments
of 0.1. Other geometric parameters are kept constant and equal to those of the basic model shown in
Fig. 3. The effect of d/h variations on each of the behavior properties is presented in Fig. 13.
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Fig. 13. Effects of increasing d/h on (a) ideal force index, (b) hysteretic energy, (c) elastic stiffness, (d)

deformability.

According to this figure, it is observed that with an increase in the d/h ratio in all h/b ratios under
consideration, hysteretic energy generally decreases, and the slope of the curve is slower in models
with smaller h/b ratios. Moreover, in almost all h/b ratios in process, with an increase in d/h ratio to
a value greater than 0.4, the slope of the curve becomes steeper. The ideal force index does not
exhibit a consistent behavior while increasing the d/h ratio in models with different h/b proportions.
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In models with h/b ratios less than 5, due to the greater dominance of shear behavior over flexural
behavior, an increase in d/h to values greater than 0.5 results in a slight increase in the ideal force
index. However, in models with h/b ratios greater than 5, increasing the h/b ratio results in the
growth of flexural behavior, and increasing the ratio of small to large diameter of the elliptical slit
up to the value of 0.4 leads to a decrease in this index. For the ratios Beyond 0.4, the slope of the
curve becomes gentler. The deformability of the slit element decreases when the d/h ratio increases
in all models, and the slope of the curve is steeper in models with greater h/b. Elastic stiffness
increases with a rise in the diameter ratio for all h/b values. However, in models with a larger h/b
ratio, given the greater dominance of flexural behavior, this property shows higher sensitivity to
changes in d/h. Ultimately, beyond a d/h ratio of 0.6, changes in elastic stiffness continue with a
relatively low slope across all h/b ratios.

9. Effects of number of slits (n)

To investigate the effect of changes in the number of slits (n), various models based on the
geometric properties of the base model presented in Fig. 3 have been examined. In these models,
only the number of slits varies from 3 to 9, while other geometric parameters remain constant. The
effect of changes in the number of slits on the behavior properties of the element is presented in Fig.
14.
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Fig. 14. Effects of increasing number of slits on (a) ideal force index, (b) hysteretic energy, (c¢) elastic
stiffness, (d) deformability.

Based on this figure, it is observed that with an increase in the number of slits, hysteretic energy and
deformability in the element decrease, and the ideal force index and elastic stiffness increase.
However, the extent of these changes is not significant compared to the increase in the number of
slits. With a threefold increase in the number of slits from the initial value, the normalized hysteretic
energy and deformability decrease by 10% and 35%, respectively, and the elastic stiffness increases
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by 15%. The ideal force index remains almost unchanged with an increase in the number of slits,
and according to the corresponding graph, it changes by a maximum of 1% at its highest value
compared to the initial value. Moreover, to further investigate the reason for the element's behavior
in this section, the stress distribution in the element has been examined in two scenarios: one with 4
slots and the other with 9 slots, as depicted in Fig. 15. Accordingly, it is observed that the stress
distribution in the element with 4 slits is much more extensive compared to the configuration with 9
slits. In the element with 9 slits, the majority of stresses are concentrated at the ends of the struts.
Furthermore, it is evident that in the element with 4 slits, some of the space between the slits and
flanges of the element contributes to stress resistance, whereas in the element with 9 slits, the level
of stress generated in this space is minimal. It is worth mentioning that the topic discussed has been
briefly investigated by Nik-hoosh's experimental research [18,19], where it was stated that
increasing the length of the element by more than approximately 25% of its height (with other
geometric parameters held constant) negatively affects its behavioral characteristics and gradually
increases the likelihood of sudden failure in the element.

(@) (b)
Fig. 15. Stress distribution in elements with (a) 4-slits and (b) 9-slits.

10. Conclusion

In this study, a comprehensive evaluation of the effects of variations in each geometric parameter
constituting the elliptical slit element was conducted using finite element analysis with 265
ABAQUS software models. The behavior of this element, based on previous research results,
resembles that of a Timoshenko beam with fixed supports, and consequently, the aspect ratio
(length-to-thickness ratio in the beam) significantly influences both flexural and shear behavior. In
this regard, initially, the aspect ratio of height to strut width (h/b) in the element, equivalent to the
aspect ratio of length to thickness in the Timoshenko beam, was examined. It was observed that the
slit element exhibits favorable behavior within the range of 3 to 8 for this ratio. Subsequently,
considering the substantial impact of aspect ratio on seismic behavior properties, other geometric
parameters were investigated for each h/b ratio within the mentioned range. Furthermore, based on
the obtained results, the influence of each geometric parameter on behavior properties is
discernible, with the aspect ratio and t/b having the most significant effects on the element's
behavior. Moreover, it should be noted that increasing the number of slots has not significantly
affected the behavioral characteristics of the damper, but intuitively, it leads to an increase in the
elastic stiffness of the damper proportional to the number of added slots. However, exceeding this
variable to an extent that significantly increases the aspect ratio of the damper's length to its height
can adversely affect its ductility and energy dissipation capacity. Finally, to make the design process
of this element faster and easier while ensuring optimal performance, Table 2 provides the proposed
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appropriate range and examination results of the influence of each geometric parameter on behavior
properties.

Table 2. Appropriate range for geometrical parameters.

h h' t d
Parameter — — — i
b h b h
Suitable Range 3-8 02-04 0.2-0.5 0.1-0.4
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