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Abstract: To meet the recent requirements of low-damage design, there is a growing need to retrofit
building structures with a self-centering dissipation system. This system serves a dual purpose: re-
ducing lateral drift and providing supplemental damping to enhance the seismic performance of
buildings. This research focuses on assessing the efficiency in seismic response of structures retro-
fitted with an innovative self-centering hysteretic damper called a Self-Centering Disc Slit Damper
(SC-DSD). The SC-DSD consists of four slit dampers and pre-compressed Belleville disc springs that
provide self-centering and energy dissipation capabilities. This study investigates the SC-DSD’s
working mechanism, theoretical formulation, and design method of SC-DSD dampers for their ap-
plication in multistory building structures. A reinforced concrete (RC) structure is selected as a case
study building that is retrofitted with SC-DSDs and conventional slit dampers. Subsequent seismic
performance assessments are conducted using detailed pushover to evaluate the global behavior
and capacity of the structure used for the design of the damping system. Nonlinear time history
analysis is performed to simulate the dynamic behavior of the retrofitted structure under a variety
of seismic excitations. This analysis considers a range of ground motion records to capture different
intensity levels and frequency content. Comparing these analyses reveals that the designed SC-
DSDs effectively reduce seismic responses while minimizing residual displacement up to 95% when
contrasted with both the bare structure and the structure retrofitted with conventional steel slit
dampers.

Keywords: seismic performance; building structures; hysteretic slit damper; self-centering damper;
seismic retrofit; nonlinear analysis

1. Introduction

Recent advances in manufacturing techniques and the construction sector have ena-
bled the development of innovative and advanced structural systems that not only protect
buildings from residual lateral drifts during severe earthquakes but also restore the struc-
ture to its original state. These advancements are integrated into building structures as
seismic dampers [1], encompassing a variety of solutions such as fluid viscous dampers
[2], sliding-friction dampers [3], hysteretic yielding dissipation devices [4,5], base isolators
[6], buckling restrained braces [7], and hybrid systems [8]. These seismic protection sys-
tems are employed to enhance the seismic resilience of structures, safeguarding their pri-
mary structural components against seismic forces. Self-centering dissipation systems are
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being developed, and active research is opening new avenues for superior seismic resili-
ence. Typically, these systems use conventional dampers connected to prestressed ten-
dons, springs, or shape memory alloys to achieve energy dissipation and impart recenter-
ing forces to buildings to counter earthquake-induced forces [8-18]. The fundamental con-
cept remains similar, with the objective of inducing a flag-shaped hysteresis in the force-
deformation relationship of the critical elements.

The metallic slit damper, due to its easy design, manufacturing, and excellent stable
hysteretic behavior, has an important position in seismic retrofitting strategies. Chan and
Albermani provided the initial guideline and conducted the cyclic test on a steel plate slit
damper, which is the most common type [19]. The potential issue with slit dampers is a
reduction in energy dissipation capacity due to the yielding of steel struts. Naeem and
Kim [20] proposed a novel adaptation of the slit damper that addresses this issue. It is
called a multi-slit damper (MSD) and is made up of three steel sheets of a story height
with interconnected weaker and stronger slit dampers arranged sequentially, each pos-
sessing distinct stiffness and yield strength. During mild to moderate earthquake ground
motions, the MSD dissipates energy by allowing the weaker slit damper to yield while the
stronger segment remains within its elastic limits. In cases of severe ground motions, ad-
ditional displacement of the weaker segment is prevented by a stopping mechanism, re-
directing the force entirely to the stronger portion of the damper to prevent support break-
age. Javidan et al. [21] performed an experimental study on MSDs in RC frame structures,
conducting full-scale tests of concrete frame structures with and without MSDs and check-
ing the seismic responses of school-reinforced concrete structures by implementing MSDs.
The slit damper dissipation capacity and post-yield stiffness were enhanced by combining
the slit damper with rotational friction dampers, as studied by Lee and Kim [22]. Lee and
Kim [23] developed the “box-shaped slit damper”, consisting of four strategically posi-
tioned slit dampers within a square steel section, designed to maximize energy dissipation
in a confined area.

In recent developments, disc springs have been utilized to improve the recentering
effect within hysteretic dampers. A self-centering brace with a friction device in combina-
tion with disc springs to provide sufficient recentering to the braces and friction damper
was developed by W. Wang et al. [24]. By utilizing various configurations of prestressed
disc springs for providing recentering and adjusting the frictional force, the system pro-
vides adaptable load resistance, deformability, and diverse hysteretic shapes; this self-
centering friction brace was further investigated in [25]. The Resilient Slip Friction Joint
(RSFJ), as described in references [26,27], integrates both recentering and energy dissipa-
tion functionalities within a single damping system. This is achieved through the incor-
poration of grooved outer plates, slotted middle plates, and pre-stressed disc springs. The
RSFJ’s adaptability across various structural systems makes it a versatile self-centering
supplemental damping device that is suitable for high seismic demands. A novel self-cen-
tering bracing system using friction energy dissipation devices and pre-pressed combina-
tion disc springs for self-centering is developed in [28]. Experimental validation confirms
stable energy dissipation, excellent self-centering capability, and accurate prediction of
mechanical behavior. The study by Jafari et al. [29] investigated the impact of a mild steel
bar layout on the seismic performance, damage, collapse probability, and seismic risk of
hybrid self-centering walls (HSWs), aiming to address the energy dissipation deficiency
inherent in self-centering walls.

Recently, Naeem et al. [30] developed a novel self-centering slit damper that is in-
spired by the simple design of a slit damper with high energy dissipation and recentering
capability of disc spring during large deformations. This recentering hysteretic steel slit
damper (SC-DSD) consists of four slit dampers trimmed into a hollow structural steel sec-
tion and connecting them with an inner moving section and stacking of prestressed disc
springs for recentering force. The assembly of the SC-DSD is such that the slit damper can
come to its original position after cyclic loading. In this research, the efficacy of the SC-
DSD is further investigated analytically by using a case-study model of an archetype-
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reinforced concrete structure retrofitted with the SC-DSDs. The analytical model and the
design methodology of the SC-DSD to retrofit the structure are described. In the second
case, a similar structure is retrofitted with the conventional slit damper (SD) to meet the
same target performance. The seismic performance of the model structures is comprehen-
sively assessed through rigorous nonlinear dynamic analyses. Specifically, these analyses
simulate the response of the structures retrofitted with SC-DSD and compare it with both
the bare structure and a structure retrofitted with conventional Steel Slit Dampers. The
findings demonstrate the efficacy of the SC-DSD in dissipating seismic energy and miti-
gating structural responses. Notably, compared to the bare and conventionally retrofitted
structures, the SC-DSD retrofit significantly reduces residual lateral drift, inter-story drift,
and roof displacement, particularly under severe ground motions. These results signify
the substantial seismic performance enhancement afforded by the SC-DSD retrofitting
technique.

2. Self-Centering Damper and Analytical Model

This section initially outlines the specifics of the Self-Centering Disc-Slit Damper (SC-
DSD), followed by an explanation of its theoretical framework established in prior re-
search by Naeem et al. [30]. Based on the theoretical formulation, the analytical macro
model of the SC-DSD formulated in structural modeling and analysis software is dis-
cussed. This model is subsequently applied to assess the seismic retrofitting and design of
a case study reinforced concrete structure. The validation process involves verifying the
hysteresis loop of the analytical model through cyclic loading tests performed on the
damper.

2.1. Configuration of SC-DSD

The components and assembly progression of the SC-DSD are depicted in Figure 1.
Four steel slit dampers, specifically designed for the prototype, are incised on each facet
of the boxed-shaped hollow structural section. The open end (moving end) of each slit
dampers are welded to the interior boxed-shaped steel section. Two stacks of disc springs,
pre-tensioned and situated within both the outer and inner sections, are also depicted in
stage 3. The assembly of the damper is finalized by connecting the top plate to the inner
steel section using M-10 high-strength bolts. Figure 2 provides an overview of the dimen-
sions of the slit damper and disc spring components. The distinctive attributes of the ma-
terial utilized for the slit damper and springs are enumerated in Table 1.
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Figure 1. The assembly process of SC-DSD with its different components.

The induced energy is dissipated as the steel strips yield due to the relative move-
ment between the outer and inner sections, with the recentering force provided by the
prestressed stacks of disc springs on both sides. The stiffness and yield strength of slit
dampers can be calculated using Equations (1) and (2) [19]. The prestress force of the disc
spring should be equal to or larger than the yield strength of the slit damper in order to
provide the self-centering ability to the SC-DSD; the restoring force from the disc springs
is calculated based on Equation (3).
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where K; is the elastic stiffness of the four slit dampers; 1 is the number of steel strips; b
and t are the width and thickness; [ is the length of the steel strips; Fy is the yield strength
of the slit dampers; Fr is the restoring force provided by the disc springs. Further details
about the above design equations can be found elsewhere [31,32].
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Figure 2. Details dimensions of slit damper and disc spring components.
Table 1. Characteristics of the slit damper and disc spring used in the prototype.
Properties Steel Slit Damper Properties Disc Springs
Material JISG-3446 Material JIS-SUP-10
Elastic Modulus (GPa) 220 Elastic Modulus (GPa) 200
Yield Strength (MPa) 400 Yield Strength (MPa) 350
125-64 (125 ter di
Section HSS 200 x 200 x 12 Section (125 mm outer dia

Thickness (t) x width (b) of steel

and 64 mm inner dia)

. 10 x 10 Thickness of disc (mm) 8
strip (mm)
No. of steel strips 8/side (total 32) Prestress load (kN) 64
. . . . . 2 Parallel disc springs
Length of steel strip (mm) 100 Configuration of disc springs combined 8 in series
Stoke (mm) 30 Flatness load (kN) 270

Stoke (mm) 30

2.2. Cyclic Loading Test and Analytical Model

The unique feature of self-centering flag-shaped hysteresis is that it has multiple stiff-
nesses within one loop. The stiffness during the loading cycle is determined by the pre-
stressed force of the disc-spring stack and the initial elastic range of the slit damper. There



Buildings 2024, 14, 795

6 of 22

are a few assumptions to make the calculation simple, which are as follows: the axial
strains of the threaded rods, bolts, and top and limiting plates are neglected, frictional
forces between the inner and outer box are excluded, and the deformations of the load
transferring components like braces are not considered after the SC-DSD device is acti-
vated.

The analytical macro model is shown in Figure 3. There are three nonlinear links
combined to form the model in the structural analysis software known as “Perform 3D V
8.0”. These links represent the behavior of the slit damper using the Bouc—Wen model [33],
consisting of a dashpot combined with spring. At the same time, the multi-linear elastic
(MLE) and multi-linear plastic (MLP) are combined to produce the behavior of the pre-
stressed disc springs. These links are built into most of the structural analysis software for
practicing engineers. Figure 3 also depicts the behavior of each link to achieve the recen-
tering hysteresis loop. Gap and hook links are used to control the maximum stroke dis-
placement of the damper under tensile and compressive forces. The simplification of the
analytical model is useful in providing the computational efficiency required for the non-
linear dynamic analysis of large building structures in practice [34,35].

Final hysteresis

LQ/ Hook

05

Fixed end

-05

/

Figure 3. Numerical model of the proposed damper and its components.

%

A cyclic loading test was conducted to acquire the hysteresis data of the SC-DSD,
which was then compared to the results obtained from the analytical macro-model. As can
be observed in Figure 4a, the hysteresis depicts the flag-shaped hysteresis. The maximum
bearing force of the specimen obtained at 10.9 mm was 264 kN in both tension and com-
pression. During the loading cycle, the damper activated at 64 kN, which was the prestress
force on the disc springs, and the slit dampers started to yield at 128 kN. The loading
protocol selected for the test is FEMA 461 [36]. The residual deformation was reduced to
0.5 mm for the first 10 cycles. However, due to external frictional forces, it went to 2.6 mm
for larger displacement. The analytical model is able to predict the behavior of the damper
accurately. The hysteretic curve obtained from the analytical model is superimposed on
the experimental results. It shows the agreeable prediction for the calculation of bearing
capacity, energy dissipation capacity, and residual deformation. The frictional forces be-
tween the inner and outer sections are ignored in the analytical model. Figure 4b shows
the deformed steel strips during the experiment. Further details about the prototype and
the experiments are discussed elsewhere [30].
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Figure 4. Experimental test: (a) Flag-shaped hysteresis of the prototype; (b) Steel strips of the slit
damper in the prototype exhibited deformation [30].

3. Seismic Retrofitting of Structure with SC-DSDs
3.1. Structural Modeling of Archetype Building Structure

In this section, we undertake structural modeling to assess the efficacy of the SC-DSD
as a retrofitting method for a Reinforced Concrete (RC) structure. Our focus is on a specific
case study of an archetype school building constructed in the 1980s without seismic de-
sign considerations. Situated in the high-seismic zone of Los Angeles, California, this
building comprises a six-story RC structure utilizing an ordinary moment frame system.
The initial story stands at a height of 3900 mm, while the subsequent five stories measure
3600 mm in height each. There are two bays in the y-direction for classrooms and corri-
dors, while in the longitudinal (x-direction), there are 10 bays with a length of 6000 mm.
The plan layout of the structure is shown in Figure 5, and the details of the sectional prop-
erties and reinforcement bars used in the beams and columns of structures are mentioned
in Table 2 and Table 3, respectively.

A dead load of 3.0 kN/m? is applied to the classrooms and corridors. The live load is
selected from the Minimum Design Loads for Buildings and Other Structures (ASCE 7-
22) [37], which are 1.91 kN/m? for classrooms and 3.83 kN/m? for corridors. The load of
brick masonry infill walls is considered based on 114 mm thick infills walls.

0) @ B1 a 5) ® @ (?) ® (?
a1
3Im B3 Corridor

a 5 [ 1]

Masonary Classroom
6m B3

K101SSOWOoE

w
o
3

Y a3 B1

O
[—yx 6 m @10 Bays ’ —L ]

3m 6m

Figure 5. Structural plan and side elevation of the archetype school building.

Table 2. Properties of beam cross-sections and reinforcement specifications.

C Secti Rebar Reinforcements
Story Beam ro.ss ection Ends (1, ]) Mid Span
Size (mm)
Bottom Top Bottom Top
1-2 B-1 300 x 540 2-D19 6-#19 5-#19 2-#19




Buildings 2024, 14, 795

8 of 22

Stress

Fu
(22.5 MPa)

Fy
(18MPa)

Fr
(3.8MPa)

_____________________________

1-2 B-2 300 x 560 2-D19 8-#19 6-#19 2-#19
1-2 B-3 300 x 520 2-D19 7-#19 3-#19 2-#19
3-6 B-1 300 x 450 2-D19 5-#19 5-#19 2-#19
3-6 B-2 300 x 450 2-D19 8-#19 7-#19 2-#19
3-6 B-3 300 x 430 3-D19 8-#19 5-#19 2-#19

Table 3. Properties of column cross-sections and reinforcement specifications.

Story and (Column Section) Cross-Section Size (mm) Rebar
1(C-1) 450 x 450 8-#19

2~4 (C-1) 400 x 400 8-#19

5~6 (C-1) 350 x 350 8-#19

1(C-2) 650 x 650 16-#19

2~4 (C-2) 600 x 600 12-#19

5~6 (C-2) 550 x 550 16-#19

1(C-3) 500 x 500 12-#19

2~4 (C-3) 450 x 450 8-#19

5~6 (C-3) 450 x 450 16-#19

The concrete exhibits a nominal compressive strength of 18 MPa, with an ultimate
compressive strength of 22.5 MPa and an ultimate strain of 0.002. The residual strength of
the concrete is defined as 20% of its nominal compressive strength, as depicted in Figure
6a. Meanwhile, the steel reinforcement bar has a yield strength of 300 MPa, depicted by a
bilinear curve in Figure 6b.

Stress

h Fy i
o (300 MPa)

E=2x10’MPa

i  Strain Strain

0.002 0.004

(a) (b)

Figure 6. Nonlinear constitutive behavior of structural materials: (a) Concrete; (b) Reinforcement
bars.

The beam element consists of inelastic end rotation moment hinges connected with
the elastic segment; the relationship of the moment hinge is defined according to the
ASCE/SEI 41-13 [38], as shown in Figure 7a. According to ASCE/SEI 41-13, it is suggested
to decrease both the flexural and shear stiffness of the beam to 50% and 40%, respectively,
from their original values. Similarly, the flexural stiffness of the columns is modified to
half of their initial values, considering the axial loads they resist. The cyclic performance
of the analyzed columns is depicted in Figure 7b. Masonry infill walls are not considered
in the analysis to save the computational cost. Further details about the nonlinear model-
ing of RC structures can be found in the user manual of Perform 3D software [39].

The modal damping ratio is taken at 5% for the analyses. Determined through modal
analysis and considering the effective stiffness, the structure’s natural periods in the lon-
gitudinal direction are found to be 2.2 s. Subsequently, the seismic performance of the
structure is examined, and seismic retrofitting strategies are formulated. The first scenario
involves implementing the SC-DSD, while the second scenario employs conventional SD.
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Figure 7. Hysteresis characteristics of RC beams and columns: (a) Column analysis; (b) Beam anal-
ysis.

3.2. Nonlinear Static Analysis

The capacity-demand spectrum method (CSM), specified in ATC 40 [40], is used to
obtain both the performance point of the structure and the requisite effective damping
ratio necessary to achieve the target performance level corresponding to a specified ca-
pacity and demand curve. The advantage of CSM is the ability to predict structural re-
sponse accurately, even without running the nonlinear dynamic analysis on a model
structure, while still considering the inherent nonlinearity of the structure.

To evaluate the capacity of the original RC frame structure, the nonlinear static push-
over analyses are employed, applying lateral loads in proportion to the fundamental
modal shape until the maximum inter-story drift reaches 4% of the height of each story.
Figure 8 illustrates the pushover curve, representing the nonlinear relationship between
force and displacement along the longitudinal axis of the modeled structure. Transform-
ing this pushover curve yields the capacity spectrum. Meanwhile, the demand curve is
derived from the design response spectrum specific to Los Angeles, California. The per-
formance point dp is calculated at the intersection point of the reduced demand spectrum
using fB.rr and capacity spectrum curves. The structure’s d, prior to seismically retrofit-
ting with dampers is located at a spectral displacement of Si 174.8 mm for the Design Basis
Earthquake (DBE) hazard level. Additionally, the roof displacement of the structure is
measured at 387 mm, indicating a maximum inter-story drift ratio of approximately
1.76%, estimated through the analysis of the mode shape vector. The seismic performance
capacity of the original structure is not sufficient to meet the life safety limit state of 1%
drift ratio at the (DBE) hazard level. The new performance point is obtained iteratively by
modifying the demand curve until convergence. The effective period of the original bare
frame structure in the longitudinal direction is calculated to be 3.2 s using the formula
shown in Equation (4):

where T; represents the fundamental period in the longitudinal direction under consid-
eration in this case, and it is calculated by elastic dynamic analysis. K; is the lateral elastic
stiffness, while K, denotes the effective stiffness of the whole structural system.

In the event that a target drift of 1% of the story height is experienced in each story,
the roof-story displacement of the modeled structure reaches 225 mm. The Sy, is calculated
to be 101.6 mm utilizing the following Equations (5) and (6):

ARoof

Sy =——1oof
¢ PF1X¢R00f,1

©)
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i midu
= M
here Ag,,s represents the displacement at the roof level, PF, denotes the modal partici-
pation factor associated with the first natural mode, ¢roor1 and ¢y, respectively, refer
to the components of the first mode shape vector corresponding to the roof, i;,, N signi-
fies the total number of stories, and m; is the associated modal mass for the i, mode.
Through the application of the approximate CSM, it is noted that a spectral displace-
ment of 101.6 mm is attained by elevating the effective damping ratio, S, to 34% of the
critical damping. The structure provides a damping ratio of 5% + ko = 15% at the consid-
ered target performance point, where 5% is considered inherent damping. Additional ef-
fective damping must be supplied by damping devices to meet the performance limit state
of 1% of the story height. The total amount of the SC-DSD systems required to meet the
objective performance is computed through the effective damping equations referenced
in ASCE/SEI 41-13 [38]:

PF, = (6)

2V

4tWy, @

ﬁeff =5%+ Kﬁo +

1
Wi =5 ZFb; 8)

where W; is the work carried out by the jth damper in one complete cycle which is equal
to the area inside the hysteresis curve; Wi is the maximum strain energy of the structure
at the performance point; F; and A; are, respectively, the imposed lateral seismic force
and the corresponding displacement at the seismic weight of the ith floor. These param-
eters can be obtained using the lateral forces and the story displacements at the perfor-
mance point.

0.2

Capacity spectrum

TS S S [ A Demand before retrofit

016 |
014 |
on2 |
01 | et

v | /l%d.n'ﬂ .

0.06 F

Spectral acceleration (g)

“d;=174.Tmm

0.04 F

0.0z f

0 5 10 15 20 25 30 35 40
Spectral displacement (cm)

Figure 8. Pushover analysis response of the case study frame structure.
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3.3. Design of Self-Centering Disc Slit Damper

The core principle guiding the design of the SC-DSD is to enable the structure to
withstand the DBE level shaking without inelastic straining of columns and beams to
avoid excessive permanent lateral drift. The retrofitted structure must provide the re-
quired added stiffness, damping, and dissipation capacity to satisfy the performance point
corresponding to the maximum inter-story drift ratio (MIDR) of 1.0%, which is the Life
Safety (LS) limit state.

The estimated effective damping required to meet the target performance is achieved
through energy dissipation provided by dampers of unspecified size. The installation of
dampers within the structure involves the use of diagonal braces set at a 30° angle relative
to the beams. The axial displacement of the slit damper, corresponding to an inter-story
drift ratio of 1%, is determined to be 30.5 mm, serving as the SC-DSD device’s stroke. The
work done or energy dissipated by the damper in one cycle is the area in the idealized
hysteresis curve, as shown in Figure 9. It is assumed that the prestressing force is equal to
the yielding force of the four slit dampers, which is obtained as follows:

(O, fu)

Displacement

Figure 9. Derivation of hysteresis energy dissipated by the SC-DSD in each cycle.

W] =2 [(fy, 6,) — (2 Tri-Area ;) — (2 Rec-Area ;) — (2 Tri-Area 3)]

9

=2 [fy‘su - fu5y] ©)
_ayth? _aylh

fy = nwr Y =%0E (10)

fu=fy +[(64 —8y) - Kz, 8, = Hi0cos g (11)

where W; denotes the energy dissipated per cycle of a damper, corresponding to the area
enclosed by the idealized hysteresis curve depicted in Figure 9; Hi is the story height; 0 is
the lateral drift angle; and ¢ is the angle of connecting brace with the beam. The expres-
sion within the parentheses in Equation (9) [41] represents half of the total area enclosed
by the hysteresis curve and can be reformulated as shown in Equation (12):

W, =2(a+ 1)[fy(5u - 5y)]
no,th? .
20 10 cosp —

= 2(a+1) [ Gyl‘z’] (12)

2bE
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Based on the previously derived dissipated energy, the effective damping ratio of the
structure utilizing the SC-DSD connection with a brace can be articulated in the following
manner as mentioned in Equation (13):

no,th? o, L2
Y 2(a+1) [Zy—lo] [Hle cosp — ﬁ]

2n Y, F4;

(13)

.Beff =5%+ KBO +

Assuming the length of steel strip in the slit damper (ly) is 100 mm, the yield stress
g, is 400 MPa, the tensile strength 590 MPa, the width of the strip b is 10 mm, the nec-
essary steel section thickness (t) is required to satisfy the effective damping of 19% is es-
timated to be 10.8 mm. As a result, the retrofit design specifies a thickness of 12 mm for
the steel plates, with each slit damper containing 8 steel strips, with a total of 32 strips. To
provide sufficient restoring force to the damping device, the two stacks of 150 mm diam-
eter with a thickness of 8 mm are selected. Each stack of pre-compressed springs within
the SC-DSD comprises 16 disc springs arranged in a parallel layout, with 8 steps arranged
in series to achieve a displacement of 30 mm.

In the second case, a similar RC structure is retrofitted with the conventional SD. The
initial stiffness, yield strength, and stroke of the conventional SD are equal to the SC-DSD.
However, after yielding the stiffness is degraded to 10% of the initial stiffness. In the con-
ventional SD, there are no disc springs, meaning that the recentering capability is not con-
sidered.

The number of SC-DSDs is approximated using the above procedure, which provides
the required damping to satisfy the target inter-story drift ratio of 1%. It is estimated that
a total of 52 dampers can provide sufficient dissipation and restore force to the structure
under DBE-level shaking. In order to keep the symmetry when placing the dampers in the
structure, 26 dampers are installed on each exterior frame. The retrofitting schemes are
applied in the longitudinal direction in the exterior frames of the model structure, as
shown in Figure 10, with dampers installed at the two lower corners of two consecutive
bays. However, it is important to mention that as there are simplifications in the above
process, the required damping obtained is not of optimum value but on the conservative
side. The seismic performance of the model RC structure before and after retrofitting with
the proposed SC-DSD and conventional SC is evaluated and discussed in detail in the next
section.
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Figure 10. Location and connection details of dampers with a diagonal brace in the retrofitted struc-
ture.

4. Comparative Seismic Performance Analysis of Original and Retrofitted Structures
4.1. Ground Motion Records

The model structure is assumed to be located in the high seismic zone of Los Angeles
(34° N, 118.2° W), California. The spectral acceleration at short period is Sps = 1.4 g and
the spectral response acceleration at 1.0 s is Sp; = 0.7 g, for the DBE response spectrum,
as mentioned in ASCE 7-22 [38]. The selected ground motion records used for nonlinear
time history analysis are scaled for the DE level of the site-specific response spectra, as
presented in Figure 11. They were scaled according to the ASCE guidelines, ensuring that
within the period range of 0.2T to 1.5T, where T represents the fundamental period.
The average SRSS (Square Root of the Sum of the Squares) spectra across all ground mo-
tion records remained above 90% of the target response spectrum. The details of seven
selected ground acceleration records provided by the PEER NGA database [41], such as
their peak ground acceleration (PGA), depth, and average shear velocity, are summarized
in Table 4.

The engineering demand parameters (EDPs) of bare original structures and retrofit-
ted structures are compared for detailed performance evaluation. The EDPs are drift ratio,
residual displacement, maximum roof displacement, and energy dissipation in the main
component of buildings after the selected ground motions are applied.
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Table 4. Details of seven earthquake records used for the seismic evaluation.

EQ Reco.r d Earthquake Station PGA Magnitude Rrup Lowest
Serial No.in Name Component Max. () (M) SF (km) Vs30 (m/s) Usable
No. PEER Freq. (Hz)
EQ1 68 San Fernando SFERN/PEL180 0.23 6.61 2.1 227  316.46 0.1
EQ2 174 Imperial Valley = IMPVALL/H-EII230 0.39 6.53 1.2 125 196.25 0.1
EQ3 721 El Centro SUPERST/B-ICC000 0.36 6.54 1.3 182 192.06 0.08
EQ4 752 Loma Prieta LOMAP/CAP000 0.53 6.91 1.5 856  288.62 0.25
EQ5 953 Northridge NORTHR/MULO009 0.52 6.73 1.1 9.44  355.81 0.15
EQ6 1111 Kobe Japan KOBE/MIS000 0.51 6.90 1.2 7.08 609.0 0.12
EQ7 1485 Chi-Chi CHICHI/CHY101-E 0.44 7.62 1.3 26.0 704.64 0.05

4.2. Analysis and Results from Nonlinear Time History Simulation

The maximum inter-story drift ratios (MIDR) observed in the original structure prior
to implementing the proposed retrofitting schemes are shown in Figure 12a, and it is seen
that the second and third stories are more critical. The MIDR ranges between 1.16% and
2.0%, with a mean value of 1.66%. This finding aligns with the inter-story drift ratio of
1.76% derived from the nonlinear pushover analysis. The maximum target drift ratio of
1% is considered the life safety limit state for a hospital or a school building according to
ATC 40 [40], and the original structure exceeds the target limit state performance level.

The existing building structure, which is used as the case study in this research, is
retrofitted with the SC-DSD, and the same building also undergoes retrofitting with con-
ventional SD. The performance of these retrofitted structures is evaluated using the same
set of seven ground motion records employed for assessing the seismic performance of
the original, bare frame structure. Figure 12b,c illustrate the MIDR observed in the struc-
tures post-retrofitting with the SC-DSD and conventional SD, respectively. Results indi-
cate that the MIDR ranges from 0.48% to 0.95%, with a mean value of 0.67% for the SC-
DSD retrofit. Conversely, the mean maximum inter-story drift ratio for the structure ret-
rofitted with the conventional SD is 0.97%, nearing the target performance level. However,
retrofitting with the conventional SD failed to meet the target performance criteria under
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Figure 12. Inter-story drift ratios of the model structure before and after the seismic retrofit. (a)
Original structure before retrofit. (b) Structure retrofitted with SC-DSD. (c) Structure retro-
fitted with conventional SD.

Upon comparing the inter-story drift ratios depicted in Figure 13a,b, it becomes evi-
dent that the SC-DSD exhibited superior performance during strong excitation, attaining
the intended performance level of structure. The average maximum inter-story drift ratio
of the structure after the implementation of SC-DSD is 59% less compared to the original
structure. Moreover, Figure 13b shows that even though the designed conventional SD
achieved the objective performance, its maximum inter-story drift ratio is 31% higher com-
pared to the SC-DSD. The enhanced performance of the SC-DSD compared to the SD is
attributed to the integration of disc springs within the slit dampers. Enhancing post-yield
stiffness and providing improved restorative force contribute to enhancing the overall
performance of the damper.
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Figure 13. Comparison between maximum inter-story drift ratios of the original structure and the
retrofitted structures. (a) Original structure and structure retrofitted with SC-DSD. (b) Structure ret-
rofitted with SC-DSD and conventional retrofitted SD.

The model structure’s roof displacement time histories, before and after seismic ret-
rofitting with the SC-DSD and conventional SD, are illustrated in Figure 14 and analyzed
under specific ground motion scenarios. The enhancement in the seismic performance of
the structure is observed after the installation of the SC-DSD, resulting in notable reduc-
tions in both maximum displacements and permanent residual deformation. The most
prominent influence of the SC-DSD on the seismic response of the structure is significantly
diminishing the residual deformation of the structure after the shaking. The residual de-
formations of the original structure under the excitation of Imperial Valley ground motion
and El Centro ground motion were 30 mm and 36 mm. After the application of the SC-
DSD, the residual deformation reduced to 2 mm and 10 mm, respectively. The maximum
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reduction in the residual deformation of the model structure is observed in the case of the
Northridge earthquake, which was reduced from 101 mm of the original structure to 5

mm after retrofitting with SC-DSD.

The recentering ability of the SC-DSD compared to the conventional SD can be also
observed in Figure 14, as the residual displacement in the structure with conventional SD
is higher. The application of conventional SD reduces the residual displacement by up to
50% compared to the original structure in four of the ground motions. However, in the
case of El Centro, it was 9 mm higher. This depicts the downside of conventional slit
dampers. After the fracture of the slit damper, the earthquake-induced forces are trans-
ferred to the main structural members and hence forming hinges, and the structure cannot
come to its original position.
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Figure 14. Roof displacement time history of the model structure with and without dampers under
the selected ground motions.

The maximum roof displacements obtained from the nonlinear time history analyses
are compared in Figure 15. By comparing the seismic performance of the retrofitted struc-
ture to the original structure, the maximum roof displacement is reduced up to 62%, from
26.5 cm to 10 cm in the case of the Northridge ground motion. By retrofitting the original
structure when excited under the DBE level shaking, the average maximum roof displace-
ment is reduced up to 53% with the application of the SC-DSD, as depicted in Figure 15.
Both retrofitting systems reduce the maximum roof displacement compared to the origi-
nal structure under the selected ground motions. Moreover, the structure retrofitted with
the SC-DSD shows an average maximum roof displacement of 31% less compared to the
structure retrofitted with the conventional SD.
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Figure 15. Comparison of maximum roof displacements of the bare structure, SC-DSD retrofitted
structure, and conventional SD retrofitted structure.

The added stiffness due to disc springs to the box slit dampers in the proposed device
also causes an increase in floor accelerations even after the yielding of the damper, as in-
dicated in Figure 16. An average increment of 9% was observed in the floor accelerations
during the excitation compared to the original structure, and an average increment of 13%
was observed compared to the structure retrofitted with the conventional SD.
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Figure 16. Maximum floor accelerations during excitation of the structure before and after the ret-
rofit.

The seismic performance comparison of the SC-DSD retrofitted structure with the
bare structure and the conventional SD retrofitted structure involves quantifying the ine-
lastic energy dissipation capacity under DBE-level ground motions. The energy dissipa-
tion by the dampers for each seismic event is obtained by integrating the area under the
hysteresis loops. The total inelastic energy dissipation ranges from 650 kJ to 2489 k] for
the seven earthquake records.

The dissipated inelastic hysteretic energy during the nonlinear time history analysis
of the original and retrofitted structures, when subjected to the Northridge earthquake
record, is reported as an example in Figure 17. The total dissipated inelastic energy of 852
k] in the original structure is shown in Figure 17a. Analysis results indicate that 68% of
the input seismic energy is dissipated in the column elements through inelastic defor-
mation during hinge formation, while the beam elements dissipate the remaining 32%.
This is a common weak-column and strong-beam behavior of conventional building struc-
tures that lack seismic design considerations.

Compared to the bare structure and the conventional SD retrofitted structure, the SC-
DSD retrofitted structure dissipates a total of 996 k] of inelastic energy. As shown in Figure
17b, 86% of this total inelastic energy is consumed by the SC-DSD devices, whereas the
remaining energy is distributed to the structural elements. The structure equipped with
the conventional SD is able to dissipate 74% of the total 1072 k] inelastic energy, according
to Figure 17c. Model structures retrofitted with the SC-DSD and conventional SD prevent
the formation of plastic hinges in the primary structural elements and dissipate the seis-
mic energy effectively by lowering the seismic demand on the building structure. Apply-
ing self-centering seismic fuses like the proposed SC-DSD in the structure can efficiently
prevent the formation of cracks or plastic hinges in beams and columns under large seis-
mic loads and provide enough ductility and re-centering capability to achieve the objec-
tive performance.



Buildings 2024, 14, 795 20 of 22

=]
s

0
=)

=3
=]

70

o
oS

-3 ~
=] =]

w
=]

Self-centering disc slit damper

=
S

400

w
S}

30+

Inelastic dissipated energy (%)
«
3

Inelastic dissipated energy (%)

20 20+
Beam elements
10 10
0 i 0 . . . s n " n . L
0 5 10 15 20 25 30 35 40 a5 50 0 5 10 15 20 25 30 35 40 45 50
Time (Sec) Time (Sec)
(a) (b)

~
=]

o
=]

Conventional Slit damper

Inelastic dissipated energy (%)
s w
5 3

w
=]

20

0 5 10 15 20 25 30 35 40 45 50
Time (Sec)

(c)

Figure 17. Seismic energy dissipated in structural components and dampers. (a) Original struc-
ture. (b) Structure retrofitted with SC-DSD. (c) Structure retrofitted with conventional SD.

5. Conclusions

This study provides a comprehensive examination of the effectiveness of the novel
Self-Centering Disc Slit Damper (SC-DSD) as a seismic retrofitting solution for building
structures. The SC-DSD has a unique combination of features, including a hysteretic dis-
sipation system and recentering capability. The SC-DSD comprises two standard boxed-
shaped steel sections arranged telescopically. Within these sections, prestressed disc
spring stacks reside, encased in the inner steel box section. The slit dampers, which are
trimmed in the outer steel sections, are welded to the inner box section, and they move
relative to each other. The operational mechanism of the proposed device is elaborated
alongside assembly and design specifics. The observed flag-shaped hysteresis loop of the
recentering device observed from the experimental study, validated the accuracy of the
developed analytical model using Perform 3D software.

e  The seismic performance of a six-story RC structure was analyzed, retrofitted using
a SC-DSD and a conventional Steel Slit Damper (SD), and compared with the bare
structure.

e  Comparative analysis using nonlinear dynamic analyses showed seismically retrofit-
ted structures using the capacity spectrum method effectively mitigated inter-story
drift ratio below the 1% target performance level of the life-safety limit state.

e  Analysis of displacement time histories highlighted the SC-DSD’s ability to reduce
maximum displacement by up to 31% and eliminate permanent residual defor-
mations compared to conventional SD retrofitted structures.
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e  Time history analysis of hysteretic energy demonstrated that SC-DSDs effectively
dissipated 80% of seismic-induced energy. At the same time, structural elements re-
mained within the elastic range, meeting code requirements under design-level
earthquake loads.

e  The design of the SC-DSD using performance point and equivalent damping ratio
obtained through the capacity spectrum method proved to be an accurate approach
for designing structures that incorporate this technology.

e The SC-DSD system, with its lightweight design, compact size, and reusability,
emerges as a cost-effective solution for enhancing the seismic performance of build-
ing structures through retrofitting.

Future studies could explore optimization strategies for SC-DSD design parameters
and investigate their applicability across diverse structural typologies and seismic re-
gions. Additionally, long-term monitoring of SC-DSD retrofitted structures in real-world
scenarios would provide valuable insights into their performance and durability over
time.
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