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Abstract

Steel slit dampers are passive energy dissipation devices made from steel plates that have carefully designed slots
or cuts. These dampers dissipate energy by transforming kinetic energy into thermal energy via plastic yielding
or deformation of the steel strips situated between the slits under lateral loads. Recent research focuses on
optimizing the shape of the steel slit damper to improve its performance through energy dissipation and to reduce
strength degradation under cyclic loading. This study aims to examine the lateral load performance of steel slit
dampers constructed with various orientations of vertical slits using finite element analysis. The conventionally
designed vertical slit was modified by incorporating a bend angle of 90°, 75° 60°, 45°, and 30° while
maintaining a constant size for the slit and the gap between two slits in both width and height. The impact of
such geometric modifications on initial stiffness, yield strength, ultimate stiffness, effective damping, maximum
strength, and ductility under cyclic loading has been investigated. Dampers with higher bending angle of slit
exhibit low horizontal stiffness, damping and yield strength in the elastic zone, while they enhance ultimate load
and ductility.
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1 Introduction

Steel dampers are essential structural components widely used in buildings and bridges to reduce the effects of
lateral loads, particularly those caused by earthquakes. These devices act as passive energy dissipation systems,
absorbing and converting seismic energy into heat through controlled plastic deformation. Among the different
types of dampers, steel slit dampers which consist of thin plates with slits have shown effective performance due
to their simplicity, low cost, and easy replacement features (Chan et al., 2017; Kobori et al., 1995). The
performance of these dampers largely depends on their geometric design, particularly the arrangement and shape
of the slits. In earlier research, various slit patterns such as straight, curved, or butterfly-shaped slits have been
examined to enhance ductility and delay the fracture under cyclic loading conditions (Mahmood Shah & Moradi,
2020; Farzampour & Eatherton, 2017). For example, straight vertical slits are known to concentrate plastic
deformation at specific regions, while butterfly-shaped slits provide better distribution of strain, leading to
improved energy dissipation and reduced risk of early failure (Lee et al., 2019). However, these studies have
mostly focused on planar slit designs without considering the effect of angled or bent slits along the middle
length. Altering the angle of vertical slits can influence how the steel strips deform under lateral force,
potentially improving parameters like initial stiffness, yield strength, energy dissipation capacity, and ductility.
However, no previous studies have been conducted on the role of slit angle on damper behavior. Therefore, this
paper is focuses on how the orientation of slit angle affects the lateral load performance as well as provides
valuable insights into optimizing the size of slit damper to maximize their performance for seismic resilience.

This research employs finite element analysis to examine the response of steel slit dampers with differing bend
angles under seismic loading. Specifically, bend angles of 30°, 45°, 60°, 75°, and 90° are evaluated, while
maintaining consistent geometric parameters for the slits. The primary goal is to evaluate the influence of
incorporating a bend at the mid-height of the slit on crucial damper characteristics, including rigidity, resistance,
and energy dissipation capacity. The findings of this investigation will contribute to the refinement of steel
damper designs, ultimately facilitating improved seismic resilience and more cost-effective structural
engineering practices.

2 Geometry of Slit Dampers

Figure 1 illustrates five distinct angular arrangements of steel dampers, each with a different angle: 30°, 45°, 60°,
75°, and 90°. The diagrams also detail the specific measurements of each configuration. A “D—X" naming
convention is employed, where “D” signifies the damper and “X” represents the slit angle. Each damper features
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three slits and has a consistent thickness of 10 mm. The dampers share the same overall dimensions, with a
height of 210 mm and a width of 372 mm. The slits are 10 mm wide and are separated by connecting segments
that are 36 mm wide.
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Figure 1: The detailed dimensions of each damper.

3 Finite Element Modeling

This study uses finite element analysis (FEA) to examine the behavior of steel slit dampers with different slit
alignments under cyclic loading. All models in the FE analysis maintained the same geometric properties and
boundary conditions. The simulations were conducted in ANSYS, a common and validated finite element
method (FEM) software package for complex, nonlinear structural assessments. The dampers were modeled
using three-dimensional solid elements. A refined mesh was implemented in areas proximate to the slit
terminations and connections to precisely represent localized plasticity and elevated stress levels. The steel's
material properties, including elasticity and plasticity, were implemented according to the parameters specified in
Shah and Moradi (2020). The steel damper was assigned a density of 7850 kg/m?, an elastic modulus of 200
GPa, and a Poisson's ratio of 0.3. Plastic deformation was represented by a Voce-type nonlinear isotropic
hardening rule. Crucially, the model parameters used were: an initial yield strength of 295 MPa, a linear
hardening modulus of 16 MPa, an exponential hardening modulus of 30 MPa, and a saturation parameter of 50.

4 Model Verification

For the model verification, specimen PSD-5 was taken, as shown in Figure 2(a). The specimen has a length of
210 mm, a width of 460 mm, and a thickness of 10 mm, with vertical slits of 180 mm length and 10 mm width,
separated by straight links of 36 mm width. The boundary conditions are assumed to be similar to those used to
simulate the actual behavior of the damper when installed in a structural bracing system. The bottom part of the
damper is fully fixed, meaning that all translational and rotational degrees of freedom are restricted. The opposite
upper part of the damper is subjected to displacement-controlled cyclic loading applied in the lateral direction
along the x-axis. The loading protocol is shown in Figure 2(b). The loading pattern, illustrated in Figure 2(b),
replicates the procedure employed by Shah and Moradi (2020).
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Figure 2: Boundary conditions and cyclic loading history (Shah & Moradi, 2020)
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The finite element model's accuracy was confirmed by comparing its hysteresis curves with experimental results
reported by Shah & Moradi (2020). This comparison is presented in Figure 3. The results indicate that the FE
model can effectively replicate the damper's behavior observed in the experiment, exhibiting only a small degree
of error. Consequently, the FE model is considered reliable for subsequent analyses.
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Figure 3: FE model validation
5. Results

5.1 Hysteretic and Skeleton Curves

Figure 4 presents the cyclic load-displacement behavior of the steel dampers, illustrating hysteresis loops for
varying slit bend angles. Figure 5 depicts the corresponding skeleton curves, constructed by connecting the peak
points of each hysteresis cycle. The skeleton curves reveal that dampers with smaller bend angles exhibit
enhanced initial stiffness and yield resistance, indicating a greater capacity to withstand applied loads during the
initial loading stages and superior energy dissipation capability. Conversely, dampers with larger bend angles
demonstrate the ability to sustain higher magnitudes of force and exhibit improved ductility beyond the yield
point, enabling more significant deformation without substantial strength degradation. In summary, the observed
behavior transitions from high stiffness and damping capacity at lower angles to increased strength and
deformation capacity at higher angles.
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5.2 Energy Dissipation
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Figure 4: The hysteretic curves of each damper.
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Figure 5: The Skeleton curves of each damper.
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Energy dissipation, as illustrated in Figure 6, is measured by the integrated area of the hysteresis loops. The
presented graphical representation allows for a comparative assessment of the energy absorption capacity of each
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damper across a range of displacement amplitudes. Examination of Figure 6 reveals a nearly linear relationship
between energy dissipation and displacement for all dampers under consideration. It is evident that elevated
aperture angles, particularly those of 75° and 90°, result in a greater degree of energy dissipation, while the 30°
configuration exhibits the minimum energy dissipation. These observations corroborate the hypothesis that
increased aperture angles are associated with an improvement in seismic energy dissipation.
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Figure 6: The energy dissipation of each damper.

5.3 Analysis of Response Characteristics

A comparison of the properties of the different steel dampers is summarized in Table 1. From the cyclic loading
and skeleton curves, six key parameters were determined: initial stiffness (K), yield strength (P,), ultimate
stiffness, effective damping (Bp), maximum strength (Pn«) and ductility («). These parameters are commonly
used in cyclic tests to measure how stiffness decreases and how much energy the damper can absorb.

The initial stiffness is defined as the ratio of the yield strength to the yield displacement, while the ultimate
stiffness is calculated from the slope of the final segment of the load displacement curve. Ductility is defined as
the ratio of the maximum displacement to the yield displacement. The maximum load represents the peak
strength of the damper, whereas the yield strength corresponds to the load at the onset of yielding.

In particular, effective stiffness and damping provide a measure of the damper’s ability to absorb and dissipate
energy under cyclic loading. The effective stiffness (K¢p) is calculated using Eq. (1).

| PT+P

ke =
T 5 o | (1)

where 0" and J are the peak displacements in positive and negative directions and P* and P- their corresponding
peak loads, respectively. The effective damping ratio (fBef) is determined using Eq. (2).
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Here, Ej,0p represents the area of hysteresis loop.

Table 1. Response characteristics of each damper

Model Initial Stiffness Yield Ultimate Stiffness Effective Maximum Ductility
(kN/mm) Strength (kN) (kN/mm) Damping Strength
(kN)
D-30° 50.406 40.00 0.06 0.59 75.22 63.00
D-45° 51.482 36.00 0.1725 0.57 78.54 74.12
D-60° 49.152 33.0 0.431 0.55 83.06 77.54
D-75° 45.979 27.60 0.739 0.50 94.41 90.00
D-90° 44.18 28.50 0.994 0.43 117.51 84.00

The mechanical performance of steel dampers is significantly affected by the slit bend angle. An increase in the
angle from 30° to 90° results in a gradual reduction in both initial stiffness and effective damping, signifying a
decrease in damper rigidity and energy absorption capacity under cyclic loading. Concurrently, the yield strength
exhibits a slight decrease, while the ultimate stiffness increases, suggesting enhanced strain hardening at larger
bend angles after yielding. Importantly, both maximum strength and ductility are substantially improved with an
increasing angle, demonstrating that dampers with larger angles are capable of sustaining greater loads and
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undergoing increased deformation prior to failure. Consequently, dampers with smaller angles (30°—45°) are
appropriate for applications that prioritize stiffness and energy dissipation, whereas those with larger angles
(60°-90°) are better to suited for applications requiring enhanced flexibility and load-bearing capacity.

6. Conclusions

The principal findings of this investigation indicate:

e  Steel slit dampers exhibit an inverse relationship between stiffness and flexibility. Decreasing the slit
angle increases damper stiffness and energy dissipation capacity, whereas increasing the slit angle
enhances deformability without significant strength reduction.

e  Energy dissipation is positively correlated with displacement. Dampers with slit angles greater than 75°
exhibit the highest energy dissipation, indicating that larger angles improve seismic energy dissipation
capacity.

e Increasing the angle decreases initial stiffness and yield strength, but increases ultimate stiffness,
ductility, and maximum strength. This reveals a trade-off between early-stage rigidity and energy
dissipation, versus later-stage strength and deformability.
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