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Abstract: The computational modeling of hysteretic dampers is a powerful tool for design, allowing
us to predict and optimize damper performance. In this research, a numerical model, based on
Chaboche’s nonlinear kinematic hardening constitutive law, was implemented. The parameters of
this law were identified and validated by inverse analysis, based on the macro-hysteretic response
of the hexagonal honeycomb steel damper. The validated model was applied to simulate the cyclic
loading behavior of five proposed steel plate shear yielding dampers (SPSYDs), which were then
used to compare the hysteretic performance in terms of effective stiffness, effective damping, and
energy dissipation capacity. The parametric analysis of design variables performed on the SPSYDs
demonstrated that the plate depth does not modify the effective damping, and the thickness is the
most significant factor affecting the maximum displacement, dissipation energy and endurance cycles.
The comparison of the performance of the dampers allowed us to establish design guidelines for the
SPSYDs, which allow the device to be adjusted with the requirements of the building in which it
is installed.

Keywords: finite element modeling; hysteretic behavior; metallic yielding damper; seismic protection;
steel plate damper

1. Introduction

Although the conventional approach to seismic-resistant building design prioritizes
people’s safety over structural damage [1], localized plastic deformation, or failure of
lateral load-resisting structural elements, can still occur during earthquakes. To ensure the
structural integrity of buildings, the damaged element must be completely replaced [2].
This has a significant impact on repair costs. The estimated damage losses from the 2010
earthquake in Chile (8.8 Mw) were around USD 30 billion in total, with USD 21 billion in
infrastructural damage [3]. In this context, seismic protection systems are an additional
effective construction element that help to mitigate structural damage and, therefore,
increase people’s safety. Depending on their control mechanisms, these protection systems
can be classified as active, semi-active, hybrid, and passive [4]. Passive protection systems
are the focus of this article, as they provide highly efficient and low-cost structure damping
without the need for an external energy source [5,6].

Dampers are a type of passive control system and can be classified into displacement-
dependent, velocity-dependent and motion-dependent devices or re-centering systems [7].
Displacement-dependent devices are activated in the presence of a relative displacement
between their ends. This kind of damper is subdivided into frictional [8] and metallic
dampers [9]. The latter, also known as yielding or hysteretic dampers, dissipate energy
through plastic deformation occurring within the damper material [10,11].

Research on hysteretic dampers has focused on the design of new devices and the
improvement of existing ones. In the first case, damper topologies with enhanced dissi-
pation capacity are sought, such as hexagonal plates in the Hexagonal Honeycomb Steel
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Damper (HHSD) [12] and corrugated tubes in the Accordion Metallic Damper (AMD) [13].
In contrast, among the proposals for improving existing dampers is the Multi-Slit Damper
(MSD), which solves the problem of fracture at large displacements of the Steel Slit Damper
(SSD). The SSD is a standard structural wide-flange section with slits cut on the web [14],
while the MSD consists of two steel plate slit dampers: a Weak (W-SD) and a Strong Slit
Damper (S-SD). The W-SD is activated in small earthquakes, and its deformation is limited
in large earthquakes, giving way to the deformation of S-SD and preventing fracture [15].
Another example is the proposed improvement of the TADAS damper, which facilitates
assembly and reduces manufacturing costs [16].

Regarding the shape of the damper, several authors have proposed different configu-
rations: concentric cylinders [17], I-shaped plate [18], steel plate [19,20] and tube [11,21],
among others.

The absence of a standard procedure for the selection or design of dampers may be
justified by the variety of geometries, the complexity of stress distribution, and specific per-
formance requirements, such as the flexibility and dissipation capacity of each application.

In the absence of this standard for the design and performance evaluation procedure,
benchmarking is not straightforward. Table 1 shows that different materials, dimensions
and loading protocols are used, making it difficult to say whether one damper is better
than another.

Table 1. Comparison between investigations of shear dampers.

Shear Damper Material Dimensions of the
Damper (mm) * Cyclic Loading Protocol Effective

Damping
Max. Force

(kN)
Max. Displacement
or StrainType σy (MPa)

HHSD [12] Steel 301
H = 95–185, L = 207–228,
D = 8–12, and thickness in
the plane of 5–10

Incremental protocol with
3 cycles at each
displacement value

Value 20–100 10–17 (mm)

Shear Square Section
Steel Tube Damper [11]

Q235
Steel 238–243

Square tubes with side of
150–200, length of 150–250
and thickness of 3–5

Value 64–339 2.6–17.5 (mm)

SL [18,22] A36
Steel 342 H = 310, L = 300–500, D = 19 Graph 396–1030 19–25.8 (mm)

Al-SYD [23]

Al-
6063/
Al-
1100

33.5/27 H = 100, L = 152.4,
D = 4.5–7.6

Incremental protocol,
with 3 cycles at each shear
strain value

Value 60–259 15% shear strain

TLYD [17] Lead ND

Each lead ring has a length
of 60, a radius of 35,
and thickness between 8
and 16

Incremental protocol,
with 2 cycles at each
displacement value

Graph 250–500 70 (mm)

ATCCSPD [24] Q235
Steel 260–283 dimensions of each plate

H = 260, L = 130–234, D = 3–5 Starts with load control
and then incremental
displacement, with 3 cycles
at each displacement value

Graph 344–579 29–36 (mm)

SEDB [25] Q235B
Steel 215

Flat steel plate H = 120,
L = 100, D = 5; Corrugated
steel plate H = 264, L = 100,
D = 4 mm

Graph 500–750 10–17 (mm)

LYSPD [19] Steel 100 H = 120, L = 120,
D = 6–12 mm

2 protocols: incremental
and constant strain
amplitud

ND ** 180–360 60% shear strain

MSD [15] Steel 242 H = 3000, L = 800, D = 300
Incremental protocol with a
variable quantity of cycles
at each displacement value

ND ** 430 120 (mm)

HSPD [26] SPHC
Steel 212

H = 210, dimensions of
cross-sectional H-shape
222 × 50 × 4 × 6

Constant amplitude cyclic
loading of γ = 5 % rad ND ** 113–125 γ = 0.01 rad

CTD [27] A36
Steel 273 H = 300, L = 800, D = 6–25 Incremental displacement Graph 70–500 25–45 (mm)

* H and L are the height and length in the plane, respectively, and D is the depth out of the plane. ** ND means no
data available.

Finite element methods have been used to identify the influence of design parameters
on the mechanical behavior of parts and mechanisms [28], and, when combined with
optimization algorithms, the design can be improved [29]. In the case of dampers, numerical



Buildings 2023, 13, 793 3 of 22

analysis based on finite element modeling has proven to be an effective tool for the design
and evaluation of the hysteretic behavior of dampers, and for the optimization of their
inter-story drift performances [15,21,30–34].

The plastic deformation in dampers can be related to axial, bending, torsion and
shear stresses, or a combined state. Dampers that are primarily subjected to shear stresses
include TLYD, SL and LYSPD [17–19]. Other devices, such as BSD, CHSD and SBYC, are
subjected to shear and bending stresses [20,21,35], while the recently proposed MYP and
TSTD operate under pure-bending conditions [36] and torsional yielding [37], respectively.
In addition, metallic dampers exposed to shear stresses may be connected to the structural
member as an energy dissipation panel combined with bracing, in an interior column or as
a shear wall or link type [9,25,38–41].

Materials undergoing cyclic deformations within the plastic range exhibit numerous
mechanical phenomena, such as ratcheting [42], the Bauschinger effect [43,44] and low
cycle fatigue damage [45]. The large continuous incremental plastic deformations of
metallic materials also induce the accumulation of damage, microcracks and macroscopic
fractures, causing the dampers to lose their ability to dissipate energy. Computational
simulations which aim to predict such mechanical behavior must, therefore, consider
these effects through a suitable constitutive law in conjunction with a set of parameters
validated via experimental tests. Some of the most used laws are multilinear pure isotropic
hardening [17], bi or multilinear coupled isotropic–kinematic hardening [10,46], coupled
isotropic and Armstrong–Frederick kinematic hardening [27] and complex Chaboche-
type coupled isotropic–kinematic hardening formulations [18,20,47,48]. In this work a
Chaboche-type formulation was used.

The purpose of this work is to study five different Steel Plate Shear Yielding Dampers
(SPSYD) through computational simulations, using finite elements to compare their perfor-
mances. It also seeks to determine the impact of geometric parameters, such as the depth
and thickness of the plate and the number of diagonals considered in the damper.

This work determines the parameters that define a damper and ways to adapt them to
the requirements of an individual building. All of this was achieved prior to the experimen-
tal phase. These parameters are: elastic stiffness, yield force, yield displacement, maximum
force and displacement reached, ductility, cycles until failure, effective stiffness, effective
damping and dissipated energy.

The article is organized as follows: Section 2 describes the finite element model and
research procedure used in this study. Section 3 presents the hysteresis curves, the failure
modes and the characteristic parameters of a damper, as well as the influence of thick-
ness, depth and number of diagonals on the behavior of the device. A discussion of the
results and design recommendations is presented in Section 4. Conclusions and research
projections are presented in Section 5.

2. Materials and Methods

The finite element analysis was performed in Ansys Workbench 19.1 software. The pro-
posed model was calibrated and validated by the study of the HHSD [12] and, subsequently,
used to evaluate the behavior of new dampers. Thus, only validation of the plasticity model
and related parameters was performed, based on the HHSD study [12]. Then, maintaining
these conditions, new geometries were proposed and their results were compared. Thus,
the study carried out requires an experimental stage in the future, before the dampers can
be used in a structure.

The SPSYD dampers can be installed on the structure, as shown in Figure 1a. In this
investigation, the different SPSYDs are modeled as a three-dimensional body consisting of
three parts: two support plates and a dissipating plate. The support plate transmits the
movement of the building to the dissipating plate located in the central area of the damper
(see Figure 1b). An assessment of the performance of five different SPSYDs was performed.
The plates were identified as P1, P2, P3, P4 and P5 and are described in further detail in
Section 3. Furthermore, a parametric analysis was performed. Thus, the effects of changes
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in depth (D) and thickness (T) were independently studied, keeping the other dimensions
constant. The influence of modifying the number of diagonals on two dampers was also
studied, since the diagonals connect the support plates between them.

(a)

(b)

−30

−20

−10

0

10

20

30

2 2.5 3.5 5
7.5

10

14
17.5

22.5

27.5

D
is
p
la
ce
m
en
t
[m

m
]

(c)

Figure 1. (a) SPSYD installation scheme in the structure. (b) HHSD with dimension nomenclature,
mesh and boundary conditions for the FE model. (c) Cyclic loading protocol.

2.1. Finite Element Model

In the HHSD study, the finite element model was implemented in ABAQUS and the
kinematic–isotropic hardening model was used for plastic behavior. This model is based
on the Chaboche model according to the software manual [49].

In this research, to simulate the plastic behavior of the material, a Chaboche-type rate-
independent nonlinear kinematic hardening model was used [50]. This model has proved
suitable for predicting the yielding and strain hardening of several hysteretic dampers
under cyclic loads [18,23,51].

The Chaboche model implemented in Ansys comprises a linear elasticity zone, the Von
Mises yield criterion and the associated flow rule. The latter depends on the back stress
(α), which is defined by Equations (1) and (2) [23,48,52]. Thus, the back stress is composed
of n kinematic models (Equation (1)), each identified by the subscript i. Furthermore,
the evolution of the i-th back stress (α̇i), defined by Equation (2), is related to the plastic
strain increment ε̇p, the equivalent plastic strain increment ε̇eqp and the material constants
Ci and γi, which correspond to terms of the hardening and dynamic recovery functions,
respectively.

α =
n

∑
i=1

αi (1)

α̇i =
2
3

Ci ε̇p − γiαi ε̇eqp (2)
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We implemented one kinematic model (see Figure 2a), so the data required for the
software were the stress and plastic strain curves of the material, the yield stress, and the
constants C1 and γ1 of the nonlinear kinematic hardening model. Additionally, the elastic
behavior of the material was defined by Young’s modulus and Poisson’s ratio. To simulate
the damage to the material, an element death technique was implemented in the software
parametric design language (APDL) using the ekill command. The onset of the deactivation
of kill elements occurs when the stress or strain threshold is exceeded. The deactivated
element remained in the model with a stiffness value close to zero [53]. This technique
allowed us to predict the failure mode of the investigated plate by removing the killed
elements from the model and required only one failure parameter for calibration.

The boundary conditions are shown in Figure 1b. The bottom support plate was
completely fixed. The top plate was constrained for vertical displacement in the z-axis,
and horizontal displacement in the x-axis was given by the loading protocol, shown in
Figure 1c. Note that a similar protocol was also applied in the study of the BD [44]. On the
other hand, the displacements in the y-axis direction were not constrained; however, only
the material nonlinearity and large deflections were considered.
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Figure 2. (a) Chaboche model with one kinematic model. (b) Experimental engineering and true
stress–strain behavior of the material. (c) True stress vs. true plastic strain data for initial direct
kinematic hardening model calibration.

2.2. FE Model Calibration and Validation

The steel data obtained in the HHSD investigation [12] were used to model the low
cycle behavior of the material. Initial yield stress, Poisson’s ratio and Young’s modulus
were directly set with the values 301 MPa, 0.3, and 200 GPa, respectively. In addition,
the engineering stress–strain (σe vs. εe) curve of the steel reported in [12] was used to
obtain the true stress–strain (σT vs. εT) relationship (see Figure 2b), through equations
σT = σe(1 + εe) and εT = ln(1 + εe). Furthermore, the hardening curve in the plastic range
(see Figure 2c) required for the direct calibration of the initial parameter set of the plasticity
model can be obtained from εp = εT − εelast and εelast = σT/E, where εp is the plastic strain,
εelast is the elastic strain, and E is the Young’s modulus of the material. In Figure 2c the
endpoint of the curve was the plastic strain 0.1 with a stress of 520 MPa. However, to avoid
problems due to any element exceeding that value of plastic deformation, the curve was
extended, maintaining the stress value up to the plastic strain of 0.15. The parameters
C1 = 9.8476 GPa and γ1 = 30.523 were identified via automatic curve fitting of the nonlinear
kinematic hardening model.

With the parameters of the plasticity model already identified, we proceeded to the
validation of the model. For this purpose, two different HHSDs were simulated, named
HHSD n°1 and HHSD n°7 in [12]. Their dimensions in millimeters were L = 213.62, D = 10,
T = 5 and l = h = 23.09 and their H was 140 and 185 for HHSD n°1 and n°7, respectively.
The HHSD dimension nomenclature is shown in Figure 1b.

The simulated dampers were discretized using a three-dimensional 20-node brick-like
element with three degrees of freedom of displacement in the three orthogonal directions
of space (SOLID186). The element included a mixed formulation capability of large defor-
mations of incompressible elastoplastic materials. The convergence analysis of the mesh
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concerning the element size is shown in Table 2. For this analysis, a displacement of 3 mm
was applied in both positive and negative directions and the maximum supported forces
P+

max and P−max were recorded, respectively. In addition, Table 2 shows the errors of these
forces concerning those obtained with the elements of 1 mm. Since the computation time,
when decreasing the element size from 2 to 1 mm, increased more than 7 times, when
applying the complete loading protocol of Figure 1c the computation time was very high.
For this reason, a mesh with elements of 2 mm was selected, since it presented a good
relation between accuracy and computation time.

The equivalent plastic strain of 0.1 was used as the limit value for the ekill function,
since the maximum stress supported by the material occurs at this plastic strain value (see
Figure 2c). The HHSDs studied in [12] are made up of two parallel plates. Due to this
distribution, the behavior of each of the plates is expected to be the same, and the total
force of the system is the sum of the forces of the components. For this reason, only one
plate was simulated in order to reduce computational costs and the force values obtained
were multiplied by two to obtain the force of the complete device and compare the results
shown in Figure 3a,b. These figures compare the experimental and simulated hysteresis
shown in [12] with the curve obtained with the model described in this research, showing
good correlation.

Table 2. Mesh convergence with respect to element size.

Element Size
(mm) Nodes Elements P+

max (kN) P−
max (kN) Time (s) Error of P+

max (%) Error of P−
max (%)

4 14,756 2175 13.16 13.42 56 10.67 9.85
3 26,787 4196 12.27 12.58 103 3.16 2.92
2 67,637 11,985 12.09 12.42 251 1.67 1.60
1 409,785 84,430 11.89 12.22 1939 - -

Note that the model was not able to compute the last cycle due to convergence
issues related to the overall loss of the carrying load capacity of the material when certain
elements reached the plastic strain threshold set to trigger the ekill command. Note that
the maximum energy dissipation capacity of the HHSD was mainly determined by the
cycle at maximum load reached. Using this methodology, the displacement exhibiting
the maximum and minimum force values withstood by both dampers was found to be in
agreement with the results presented in [12]. Regarding the magnitude, the variations were
close to 5% in the case of HHSD n°1. For HHSD n°7, the greatest difference between our
model and [12] was 7.8% in the magnitude of the minimum supported force.

Furthermore, [12] notes that HHSD n°1 begins to lose about 20% of its dissipation
capacity in each consecutive cycle starting at cycle 19. The FE simulation lost convergence
after the 19th cycle (14 mm applied displacement). This was regarded as a consequence
of the considerable loss of load-carrying capacity of the damper at the onset of fracture
(see Figure 3a). This allowed the model to be validated in terms of the prediction of the
supported cycles and the maximum loads. Furthermore, Figure 3c shows that the model
proposed in this research was able to reproduce the same damper deformations and local
failure locations observed in the experimental test of the HHSD [12].



Buildings 2023, 13, 793 7 of 22

 

Figure 3. Model validation. Comparison of load–displacement hysteresis curves from models and
experiments of (a) HHSD n°1 and (b) HHSD n°7 and (c) comparison of fracture zones of HHSD
model and experiments.

3. Results

After the modeling and validation phases, new geometries inspired by the HHSD
were proposed. The design process started by orienting the material in the direction of the
principal stresses of the plate. Based on the results, the design was modified and ways to
make it more flexible were studied. The behavior of these new geometries were obtained
with computational simulations. If the performance of the plate was similar to that of one
of the plates of the HHSD n° 1, the influence of the parameters on the design was studied,
otherwise a new plate was designed.

3.1. Simulation Results of SPSYDs

As the dissipating plate is subjected to shear stresses, the principal stresses are oriented
in 45°. Therefore, geometry P1 was designed with diagonals in that orientation (see
Figure 4a). This plate was able to support small displacements, because it was very rigid,
as shown by its hysteresis curve (see Figure 5a). The criterion for establishing the number
of cycles that a damper can withstand is that if, at a given displacement value, the force
between two consecutive cycles decreases by more than 10%, the damper cannot continue to
dissipate energy due to the degradation of the material’s properties. Based on this criterion,
P1 supported 5 load cycles and produced fractures in the vertical bars in the area near the
support plate, as shown in Figure 6a. This failure mode was related to the bars oriented at
45° that were not attached to the support plates, generating higher stresses in the vertical
bars that joined the diagonal to the base. For this reason, geometry P2 was proposed (see
Figure 4b), keeping the bars oriented at 45°, but without the vertical bars that failed in
P1. By not having these bars, P2 reached lower forces than P1 (see Figure 5b). P2 failed
in cycle 11, after undergoing a decrease of 14% when applying the 5 mm displacement
for the second time. The fracture occurred in the central rhombus of the geometry (see
Figure 6b), which corresponded to the intersection of the diagonals whose two ends were
directly connected to the support plates.
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(a) (b) (c)

(d) (e)

Figure 4. Dissipating plates for SPSYD (a) P1, (b) P2, (c) P3, (d) P4 and (e) P5 (dimensions in mm).
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Figure 5. Hysteresis curves of SPSYDs (a) P1, (b) P2, (c) P3, (d) P4 and (e) P5.
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(a) (b)

(c) (d)

(e)

Figure 6. Failure modes of SPSYDs (a) P1 [6th cycle], (b) P2 [11th cycle], (c) P3 [27th cycle], (d) P4
[18th cycle] and (e) P5 [22nd cycle].

Since the first two geometries analyzed supported few load cycles due to their stiffness,
P3 was proposed (see Figure 4c). In this design, 45° diagonals were avoided and the support
plates were connected vertically. Being more flexible, P3 reached small forces compared
to P1 and P2. In the hysteresis of P3 (Figure 5c), due to its low stiffness, the pinching
phenomenon occurred, leading to a reduction in dissipated energy. This phenomenon also
occurred in other dampers subjected to shear stress [17,26,54]. P3 could withstand 25 cycles
of the loading protocol, due to its flexibility. In cycle 26, when applying the displacement
of 22.5 mm for the second time, the force associated with this displacement decreased by
26% with respect to the previous cycle. P3 failed in the areas close to the support plates, as
shown in Figure 6c.

The results of P1, P2 and P3 showed that the 45° diagonals have an important influence
on the behavior of a damper subjected to shear stresses, since they stiffen the structure and
avoid the phenomenon of pinching in the hysteresis. Thus, the diagonals of geometries
P1 and P2 were modified through bifurcation with rectangles in order to make them more
flexible, which corresponds to the design of geometry P4. On the other hand, since P3 was
very flexible, it was modified by adding diagonal zones at 45°, obtaining the P5 geometry.
Thus, P4 and P5 geometries have polygons in their design, inspired by HHSD design.

The P4 geometry is shown in Figure 4d. Regarding its behavior, it had stable hys-
teresis and reached forces greater than P3 (see Figure 5d). Regarding the failure mode,
P4 withstood 16 cycles and the force did not decrease significantly, but when a negative
displacement of 10 mm was applied, the force decreased by 18% compared to the previous
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cycle. This reduction doubled in the following cycle and was associated with the fracture
of a bar in the lower left rectangle (see Figure 6d).

Finally, P5 geometry is shown in Figure 4e. P5 had stable hysteresis until cycle 21 (see
Figure 5e). In cycle 22, when the displacement was increased to 17.5 mm, the force was
reduced by 15.6% relative to the force of 14 mm in cycle 21, due to fractures in the lower
and upper zones (Figure 6e).

It is important to mention that to compare hysteresis curves, the dampers were designed
with the same depth (10 mm) and similar values to the material volume and the height of a
single plate of HHSD n° 1, with variations of less than 0.48% and 0.23%, respectively.

Figure 7 shows the envelope curves of the studied geometries, demonstrating the
successive union of the maximum force of the first cycle at each displacement value.
In this case, envelope curves were considered up to the point at which the maximum force
magnitude occurred in the direction of positive and negative displacements. After that,
the properties of the material began to degrade, reducing the force supported by the damper,
as well as the amount of energy dissipated.
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Figure 7. Comparison of the envelope curves of the studied geometries.

In Figure 7, the black segmented line represents the behavior of a plate of HHSD n°1.
P4 and P5 supported forces similar to, or greater than, HHSD n°1 with close displacement
values, while P3 was less rigid and supported larger displacements.

Additionally, yielding dampers are characterized through parameters such as elastic
stiffness (Ke), yield force (Py), yield displacement (δy) and ductility (µ). The ductility of a
damper is obtained by µ = δmax

δy
[5], where δmax is the maximum displacement achieved by

the damper and δy is the yield displacement. Table 3 shows the aforementioned parameters
for the studied geometries and the maximum forces (P+

max, P−max) and displacement values
(δ+max, δ−max) achieved in the positive (+) and negative (−) directions. All these parameters
can be obtained from the hysteresis curve, as shown in Figure 8. Table 3 also shows the
number of full cycles of the loading protocol that it withstood until its degradation and the
number of nodes and elements of the model.

Table 3. Summary of finite element analysis results.

Plate Nodes Elements Ke
(kN·mm−1) δy (mm) Py (kN) P+

max
(kN)

δ+
max

(mm)
P−

max
(kN)

δ−
max

(mm) µ
Cycles

until Degradation

HHSD n°1 67,637 11,985 8.924 1.00 8.639 16.135 10.0 −16.373 −10.0 10.0 18
P1 80,410 13,070 112.240 0.38 40.513 60.904 2.5 −63.000 −2.0 6.5 5
P2 69,941 11,370 68.057 0.40 25.726 43.841 5.0 −44.113 −5.0 12.5 10
P3 58,185 9400 3.435 1.75 5.659 22.974 22.5 −19.647 −22.5 12.8 25
P4 68,269 12,190 12.760 0.75 9.220 18.953 10.0 −19.103 −10.0 13.4 16
P5 66,395 11,260 7.742 1.15 8.641 17.961 14.0 −18.168 −14.0 12.1 21
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In addition to the parameters in Table 3, dampers are characterized by effective stiff-
ness, dissipated energy, and effective damping, also known as equivalent viscous damping.
The effective stiffness of each cycle (Ki

e f f ) was the slope between the extreme points of a
cycle of the hysteresis curve (see Figure 8) and was calculated using Equation (3) [35]. This
value allowed us to determine the elastic deformation energy (Ei

S), which was related to
the effective damping (βi

e f f ), as shown in Equation (4) [55]. Effective damping represents
the energy dissipation capacity of a hysteretic system and is related to the displacement of
the damper [1,35]. Finally, the energy dissipated in each cycle (Ei

D) was the area under the
hysteresis curve for that cycle.

Ki
e f f =

(|P+
i,max|+ |P−i,max|)

(|δ+i,max|+ |δ−i,max|)
(3)

βi
e f f =

1
4π

Ei
D

Ei
S
=

2
π

Ei
D

Ki
e f f (|δ+i,max|+ |δ−i,max|)2

(4)

Ke

(δy, Py)

(δ+
i,max

, P+
i,max

)

(δ−
i,max

, P−
i,max

)

1

Ki
eff

Ei
D

Ei
S

δ

P

Figure 8. Parameters of a damper from the hysteresis curve.

The effective stiffness value was calculated for each cycle supported by the damper.
However, to simplify its visualization, Figure 9a shows the average effective stiffness of the
cycles at the same displacement. In all geometries, a decrease in stiffness was observed as
the applied displacement increased. This decrease followed a potential trend in P3, P4 and
P5, which had the same behavior of the reference damper HHSD n°1. In P1 and P2, the trend
was unclear because they were very rigid and, thus, supported small displacements.

Figure 9b shows the average effective damping values for each applied displacement.
In geometries P3, P4 and P5, the damping in the first stage increased along with the applied
displacements. After reaching the maximum value, it began to decrease due to the fracture
of the plate. In P1 and P2, the effective damping values had slightly higher magnitudes
with respect to the other geometries. However, it was impossible to replicate the trend
because, in P2, the first three values were very similar to each other, while P1 only had
two points.

Finally, Figure 9c shows the cumulative dissipated energy vs. cumulative displacement
of the damper, which is the value of the total path of the device. Although P3 had the lowest
stiffness (see Table 3) and dissipated the lowest amount of energy in each cycle, Figure 9c, it
dissipated the most energy, since it withstood greater displacements of the loading protocol.
Additionally, P1 and P2 were stiffer and dissipated a lot of energy, but had the lowest
accumulated displacement values. This implies that the device failed prematurely and
could not continue to protect the building from seismic loads.
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Figure 9. Relevant parameters for P3, P4 and P5. Average values for the three cycles at the same
applied displacement: (a) Effective stiffness and (b) effective damping. (c) Cumulative dissipated
energy vs. cumulative displacement

3.2. Influence of Depth and Thickness on the Behavior of Dampers

Considering the geometries with the best performance (P3, P4 and P5), we studied
how the dimensions of depth (D) and thickness (T) affected their behavior.

In the variation of depth (D), the nomenclature used was PX–DX, where PX is the
number specifying the geometry and DX is the depth of the plate. For each geometry,
there were three depths of 8, 10 and 12 mm. All other dimensions remained the same.
For the change in thickness (T), the nomenclature was PX–TX, where PX is the number of
the geometry and TX refers to the factor by which the original thickness was multiplied.
In this case, the geometries were 10 mm deep and the thickness was amplified by 1.5 and
by 2, to obtain PX-T1.5 and PX-T2, respectively. The increase in thickness was based on the
neutral line in the original design to minimize the height change of the geometry.

Figure 10 shows the envelope curves, the effective stiffness and damping graphs and
the cumulative dissipated energy vs. cumulative displacement for the three dampers.
The blue curves correspond to P3, the light blue curves correspond to P4 and the emerald
curves correspond to P5. In the envelope curves, D changed, and the shape of the curve
remained the same and shifted on the vertical axis, as the supported force increased
proportionally to this dimension. The same proportional relationship was also fulfilled for
the elastic stiffness shown in Table 4 and the effective stiffness in Figure 10. In contrast, as T
increased, the envelope curve had greater curvature in the plastic zone, and the number
of cycles decreased (see Table 4). Additionally, modifying T produced a larger change
in elasticity and effective stiffness. Regarding effective damping, this value remained
the same in the three dampers in which D varied. However, as T varied, the effective
damping changed.

In the cumulative dissipated energy curve in Figure 10, an increase in T implied a
sudden increase in the dissipated energy. However, the cumulative displacement that the
damper could support decreased significantly. Despite the above, P3-T2 was the plate
that dissipated the most energy and had a cumulative displacement of 478 mm, which
was higher than the cumulative displacements of all P4 plates and slightly less than the
cumulative displacement of P5 at 10 and 12 mm deep. Conversely, increasing D increased
the dissipated energy but did not affect the accumulated displacement. To quantify how
each of these parameters affected the behavior of the damper, the coefficient between the
elastic stiffness and the volume of the material was calculated, as shown in Figure 11.
These values showed that T had a greater effect on the elastic stiffness value than D for the
three geometries.
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Figure 10. Influence of depth (D) and thickness (T) on the behavior of dampers P3, P4 and P5. D10 is
the original design of each plate.

Table 4. Summary of the numerical analysis of the parametric variations of depth and thickness of
the plates.

Plate Nodes Elements Ke
(kN·mm−1) δy (mm) Py (kN) P+

max
(kN)

δ+
max

(mm)
P−

max
(kN)

δ−
max

(mm) µ
Cycles

until Degradation

P3-D8 48,029 7520 2.728 1.74 4.453 18.054 22.5 −15.380 −22.5 12.9 24
P3 58,185 9400 3.435 1.75 5.659 22.974 22.5 −19.647 −22.5 12.8 25
P3-D12 68,341 11,280 4.148 1.77 6.884 27.839 22.5 −23.789 −22.5 12.7 25
P3-T1.5 77,666 13,805 11.678 1.17 12.983 34.669 17.5 −34.297 −17.5 15.0 23
P3-T2 96,342 18,035 27.570 0.94 24.845 54.387 14.0 −53.979 −14.0 14.9 20

P4-D8 56,332 9736 10.103 0.75 7.310 14.824 10.0 −14.773 −10.0 13.3 16
P4 68,269 12,190 12.760 0.75 9.220 18.953 10.0 −19.103 −10.0 13.4 16
P4-D12 80,299 14,634 15.264 0.77 11.318 23.001 10.0 −22.668 −10.0 13.0 16
P4-T1.5 83,999 15,835 38.335 0.61 22.642 44.066 7.5 −43.007 −7.5 12.3 13
P4-T2 107,547 21,065 78.641 0.55 41.643 79.421 7.5 −75.436 −5.0 13.7 12

P5-D8 55,007 9052 6.230 1.13 6.767 14.142 14.0 −14.302 −14.0 12.4 21
P5 66,395 11,260 7.742 1.15 8.641 17.961 14.0 −18.168 −14.0 12.1 21
P5-D12 78,396 13,596 9.385 1.16 10.551 21.914 14.0 −22.127 −14.0 12.0 20
P5-T1.5 97,680 18,390 23.620 0.87 19.812 41.616 14.0 −39.082 −10.0 16.2 18
P5-T2 113,558 21,960 49.678 0.72 34.751 67.683 10.0 −65.182 −7.5 13.8 15
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Figure 11. Variation of elastic stiffness per unit volume for geometries P3, P4 and P5.

Concerning the failure modes, the change in D and T did not influence the fracture
zones, as shown in Figure 6c–e.

P3-D8 reached its greatest force in both directions in cycle 25; however, this cycle could
not be fully calculated, due to convergence problems associated with the elimination of
elements. Thus, P3-D8 only withstood 24 cycles. P3 with depths of 10 and 12 mm withstood
25 cycles, since in cycle 26, the forces decreased by 26% and 28%, respectively. On the other
hand, as the thickness increased, the number of cycles that the damper could withstand
decreased, since P3-T1.5 and P3-T2 dissipated energy with a decrease of less than 10% in
forces up to cycles 23 and 20, respectively.

P4 with a depth of 8, 10, or 12 mm supported 16 cycles. In cycle 17, the force was
reduced by 13% in the hysteresis for P4-D8 and 17.6% for P4-D12. By varying T, the damper
supported fewer cycles, as shown in Table 4. In cycle 14 for P4-T1.5, the drop in force was
15.6%. In P4-T2, and specifically in cycle 13, the force at -7.5 mm was less than the force
achieved at −5 mm, and, thus, it lost the ability to dissipate. Conversely, P5 supported
21 cycles at 8 mm and 10 mm depths. In cycle 22, when a displacement of 17.5 mm was
applied, both dampers supported less force than in cycles at 14 mm. The P5-D12 supported
20 load cycles, as the force was reduced by 15.4% when comparing the magnitudes between
the first and third cycles at 14 mm. By varying T, P5-T1.5 and P5-T2 supported 18 and 15
load cycles, respectively.

The shape of the hysteresis curve did not vary with changes in depth and thickness for
P4 and P5. In P3, the pinching phenomenon in the hysteresis curve was maintained when
the depth varied; however, when the thickness increased, the plate stiffened considerably
and the pinching phenomenon disappeared, increasing the energy dissipation capacity,
as shown in Figure 12.
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Figure 12. Hysteresis curves of P3 (original design), P3-T1.5 and P3-T2.
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3.3. Influence of the Number of Diagonals on the Behavior of Dampers

In this stage of the investigation, the aim was to improve the dissipation capacity of
P4 and P5 by varying the number of diagonals in the design. As an increasing number of
diagonals join the damper support plates, the energy dissipated by the device increases.
This hypothesis was also verified by the HHSD n°1 damper, whose original design did not
have a full diagonal, as shown in Figure 13g. Thus, the number of diagonals present in P4
and P5 varied, as shown in Figure 13, maintaining their initial dimensions of thickness,
depth and height (see Figure 4d,e). In HHSD n°1, the thickness, depth and height used
in the calibration and validation of the model were maintained. We chose to keep the
dimensions constant and not the volume of material, since Figure 11 showed that thickness
had a significant impact on the behavior of the damper. Keeping the volume constant
did not allow us to separate the effect of the diagonals from the effect of the thickness in
the behavior of the device. It is important to mention that the highlighted diagonals in
Figure 13 joined the support plates in one direction, but since the design was symmetrical,
we found the same number of diagonals in the other direction.

Figure 14 shows the envelope curves, the effective stiffness and damping graphs and
the cumulative dissipated energy vs. cumulative displacement for P4 and P5 with one,
two and three diagonals and for HHSD n°1 with zero, one and two diagonals. The light
blue curves correspond to P4, the emerald curves correspond to P5 and the black curves
correspond to HHSD. The number of diagonals in Figure 14 was represented by the
number followed by a d. So “2d” means that the damper has two diagonals. In the graphs
of effective stiffness, effective damping and dissipated energy, the original design of each
damper was represented with triangular markers, since initially P4, P5 and HHSD had one,
two and zero diagonals, respectively.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 13. Schematic view of the number of diagonals in dampers P4, P5 and HHSD. (a) P4-d1,
(b) P4-d2, (c) P4-d3, (d) P5-d1, (e) P5-d2, (f) P5-d3, (g) HHSD-d0, (h) HHSD-d1 and (i) HHSD-d2.
P4-d1, P5-d2 and HHSD-d0 are the original designs analyzed in the previous sections.
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Figure 14. Influence of number of diagonals on the behavior of dampers P4, P5 and HHSD. 0d, 1d,
2d and 3d represent the number of diagonals in the plate. The behavior of the original design is
represented by triangular markers.

The envelope curves of Figure 14 show that an increase in the number of diagonals im-
plied greater forces without reducing the maximum displacement that the geometry could
support before fracturing (see Table 5). Hence, the effective stiffness increased by adding
more diagonals to the design; however, the effective damping values remained constant.

Finally, the accumulated energy dissipated increased as more diagonals were included.
In P4 and P5, the cumulative displacement did not change, since they withstood 16 and
21 cycles of the load protocol, respectively, with one, two or three diagonals. The HHSD
without diagonals withstood 18 cycles; however, with one and two diagonals, it withstood
17 cycles. To quantify the variation, the energy dissipated per unit volume of material was
compared, since, when adding diagonals, a plate of greater horizontal length was used.
This value is shown in Table 5 as the dissipation rate. P4 increased its energy dissipation
per volume unit by 8.4% with two diagonals and 13.5% with three diagonals, compared to
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the design with one diagonal. In P5, the increase was 7.1% and 9.2% with two and three
diagonals, respectively. In the HHSD, as adding diagonals meant one less load cycle, there
was a decrease in the rate of dissipation per unit volume. When increasing from zero to
one diagonal, the dissipation rate decreased by 8.1%, but when increasing to two diagonals,
it increased by 3.5% compared to the HHSD with one diagonal. Thus, we verified that
the increase in diagonals in P4 and P5 allowed improvement in the dissipation of these
dampers, since the energy dissipated per unit volume of material increased. In the HHSD,
the energy dissipated increased, but as it supported fewer cycles, the rate of energy per
unit volume decreased.

Regarding the failure modes, the variation in the number of diagonals of the design
did not modify the fracture zones exposed in Figures 3 and 6d,e.

Finally, Table 5 shows the variation in the characteristic parameters of the dampers.
The results show that the elastic stiffness increased by adding more diagonals to the
design, which implied a lower yield displacement and a higher yield force. Additionally,
the magnitudes of the maximum and minimum forces of the damper increased, as shown
in the envelopes of Figure 14. As the maximum displacements did not vary, but the yield
displacement decreased when considering more diagonals, the ductility increased.

Table 5. Summary of numerical performance results as a function of parametric variation of number
of diagonals in the design.

Plate Nodes Elements Ke
(kN·mm−1) δy (mm) Py (kN) P+

max
(kN)

δ+
max

(mm)
P−

max
(kN)

δ−
max

(mm) µ
Dissipation Rate

(J·mm−3)

P4-1d * 68,269 12,190 12.760 0.75 9.220 18.953 10.0 −19.103 −10.0 13.4 0.03173
P4-2d 93,938 16,810 19.455 0.73 13.670 27.874 10.0 −27.855 −10.0 13.8 0.03440
P4-3d 118,934 21,280 26.301 0.71 18.142 36.927 10.0 −37.069 −10.0 14.0 0.03600

P5-1d 53,208 8980 5.802 1.18 6.589 13.714 14.0 −13.884 −14.0 11.9 0.05049
P5-2d * 66,395 11,260 7.742 1.15 8.641 17.961 14.0 −18.168 −14.0 12.1 0.05407
P5-3d 79,069 13,410 9.713 1.14 10.696 22.297 14.0 −22.530 −14.0 12.3 0.05515

HHSD-0d * 67,637 11,985 8.924 1.00 8.639 16.135 10.0 −16.373 −10.0 10.0 0.03484
HHSD-1d 92,465 16,405 14.572 0.81 11.355 23.228 10.0 −23.291 −10.0 12.4 0.03201
HHSD-2d 117,460 20,865 19.521 0.78 14.785 30.408 10.0 −30.479 −10.0 12.8 0.03312

Plates marked with * are the original designs.

4. Discussion

The purpose of this research was to compare the influence of material distribution
on the design of five dampers, based on steel plates, through computational simulations.
In addition, the effect of geometric parameters, such as the depth and thickness of the plate
and the number of diagonals considered in the design, were evaluated to improve the
performance of the devices.

Simulations showed that to withstand larger displacements, the damper must have
less stiffness. This decreases the magnitude of the hysteresis curve forces; however, the total
energy dissipated may be higher, as the devices support larger displacements. In contrast,
Figure 9a,b showed that lower stiffness meant lower effective damping values, so it was
necessary to find geometry that reconciled these two aspects. As for the trends observed in
the effective stiffness and effective damping curves, these were similar to those reported in
other damper studies [1,35,56].

Dampers with a performance equal to, or greater than, HHSD n°1 had elastic stiffness
values less than 13 kN·mm−1 and yielded forces less than 9.2 kN. Thus, they were capable
of withstanding displacements equal to, or greater than, 10 mm. In terms of cumulative
energy dissipation values, P3 and P5 dissipated more energy than a plate of HHSD n°1
using the same amount of material and supporting larger displacements. At the same
applied displacement, P4 was stiffer and dissipated more energy than HHSD n°1; however,
due to its stiffness, it could only withstand 16 cycles. Thus, when looking at the total curves,
it dissipated a slightly smaller amount of energy. P2 dissipated almost as much energy as
HHSD n°1, but displayed a much lower cumulative displacement, which is not a good
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feature for a damper. P1 was more rigid than P2 and supported very small displacements,
so it is not recommended as a hysteretic damper.

Based on the exposed stress distributions and the failure modes, we established that,
when designing hysteretic dampers subjected to shear stresses, if the material is aligned
at 45°, the plate is more rigid, since principal stresses are oriented in that direction. This
happened in P1 and P2. Additionally, when 45° diagonals are not attached to the support
plate, higher stresses are created in the vertical bars connecting the diagonal to the base.
This was why P1 failed.

In addition, the results showed the influence of the number and shape of the diagonals
in the design. A dissipating plate without diagonals at 45° is more flexible and supports
large displacements with lower force values, which was the case for P3. However, as it is
less rigid, pinching appears in the hysteresis curve, which reduces its dissipation capacity.
To reduce pinching, the plate’s thickness can be increased. This same effect has been
reported for the slit damper [54] and the corrugated steel plate damper [24]. In P4 and P5,
45° diagonals were more flexible because their orientation was interrupted by horizontal
and vertical bars. Thus, the stress modified its line of action and the damper withstood
more cycles than P1 and P2, with force values higher than P3, compared with the same
displacement, and without the presence of pinching in its hysteresis curve.

Otherwise, fracture zones did not depend on the changes in depth and thickness in P3,
P4 and P5. Depth changes modified the elastic stiffness of the plate without a significant
influence on the number of cycles supported by the damper.

The effect of plate thickness on stiffness was greater than that of depth. This was
observed in the variation in the number of cycles that the damper could withstand. Fur-
thermore, Figure 11 shows the elastic stiffness divided by the volume of material, allowing
the effect of these two parameters to be quantified. Across all geometries, the coefficient
had a higher value with increasing thickness, indicating that it had a greater effect on
damper stiffness.

On the other hand, the change in the number of diagonals did not affect the failure
mode or the number of cycles that P4 and P5 could withstand. However, increasing the
number of diagonals allowed us to increase the stiffness of the damper and the amount of
dissipated energy.

Figure 15 shows the coefficient between the total dissipated energy and the material
volume of the plate for the modifications of depth and thickness for P3, and also the number
of diagonals in P4 and P5. The black line shows the dissipated energy per unit volume
of the original design. Increasing the depth to 12mm on the P4 and P5, the dissipation
per unit volume decreased, indicating this was a less efficient design than the original,
while for the P3 it stayed about the same. Regarding the change in thickness, in P3, when
increasing the thickness by 50% (T1.5) or doubling it (T2), the dissipation increased about
the same. For P4, when doubling the thickness (T2) the dissipation increased considerably
(see Figure 15b), but the maximum displacement decreased. On the other hand, for P5,
when the thickness doubled, the damper dissipated less energy per volume unit than
the original plate (see Figure 15c). Diagonals were analyzed only on P4 and P5. In both
dampers, increasing the diagonals implied an increase in dissipation; however, this increase
was greater between the designs with one and two diagonals than those with between two
and three diagonals. This graph would allow us to modify the design of the dampers and
improve them, considering the stiffness and lateral displacement requirements of a given
building, based on the influence of each of the aspects evaluated in this research.

Finally, we compared the energy dissipation capacity as a function of effective damp-
ing. P3 had values between 0.1 and 0.3, while P4 and P5 had values between 0.2 and
0.35. These effective damping values were higher than those of Steel Plate Fuses, which
are between 0.1 and 0.25 [57] and similar to those of Comb-Teeth dampers (CTDs), which
are between 0.2 and 0.4 [27]. Thus, SPSYDs P3, P4 and P5 performed adequately as
seismic dampers.
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Figure 15. Coefficient between total dissipated energy and material volume of the dissipating plate
for P3 (a), P4 (b) and P5 (c) when depth, thickness, and the number of diagonals vary. The black line
represents the coefficient of the original damper design.

5. Conclusions

A computational procedure was adapted to investigate the influence of the design of
the dissipating plate in steel plate shear yielding dampers (SPSYDs). The complete set of
parameters that define a damper were determined for five studied dampers (elastic stiffness,
yield force, yield displacement, maximum force and displacement reached, ductility, cycles
until failure, effective stiffness, effective damping and dissipated energy), so that it was pos-
sible to compare them with other dampers. The numerical results allowed us to determine
the three best geometries to work as dampers and to assess the dissipation behavior of the
different investigated SPSYDs as a function of variations in shape and internal dimensions.
The geometries proposed in this paper were inspired by the HHSD and the design process
was focused on understanding the influence of the material orientation on the damper
performance. Our findings were as follows.

• The performance of a damper can be significantly affected in terms of flexibility
and dissipation capacity through modification of its geometry and by maintaining a
constant amount of material.

• The presence of infill material patterns oriented at 45° and generating diagonals of
connected material between the support plates increases the rigidity of the damper
under shear stresses. To avoid premature fracture, interruptions of these diagonals
using bars or material configuration with orientation changes should be used to
increase flexibility and maintain uniform flow stress distribution.

• Considering the damper designs resulting in adequate seismic performance (P3, P4,
P5), a change in plate depth does not affect the effective damping. Stiffness is indeed
directly proportional to this dimension.

• A variation in the thickness of the plate causes a significant change in the damper
flexibility, since it modifies the resistive amount of material in the shear plane.

• The number of infill material diagonals influences the stiffness and the dissipated
energy capacity, without affecting the maximum number of cycles that the damper
withstands prior to failure.

Thus, this study allowed us to establish the influence of the design parameters on
the behavior of SPSYDs and the orientation of the material, which allows researchers to
improve the performance of these devices before the experimental phase. In addition,
the design indications allow parameters, such as effective stiffness, effective damping and
maximum forces, to be adjusted, based on the requirements of the building, to achieve better
protection and to reduce repair costs after an earthquake. If the effective damping required
by the building matches the designed damper, the depth of the plate and the number
of diagonals of the design can be modified to adjust the stiffness to the requirements,
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without affecting the maximum displacement that the device supports. On the other hand,
if a greater variation in stiffness is needed, the thickness can be modified.

In addition, this research demonstrated that, by modifying the material orientation in
the damper plate design, it is possible to improve its performance, using the same amount
of material. Thus, P3 and P5 supported larger displacements and dissipated more energy
than HHSD. In regard to P1, P2 and P4, which were stiffer, more energy per cycle was
dissipated than HHSD, but fracture occurred at a lower number of load cycles. Thus,
several damper options were proposed and studied, which can be used, depending on the
specific requirements of the building to be analyzed.

Future research should be orientated toward the experimental validation of the model.
In addition, new geometries can be studied with diagonals oriented at angles other than
45° and researchers should investigate other ways to make them more flexible, as well
as considering damper sizing methodologies to increase the energy dissipation per unit
volume of material, while satisfying the seismic protection requirements of a building.
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