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Abstract: Several conventional structural systems require sufficient retrofitting design procedures,
improvements, and reconstructions to withstand lateral loads and to decrease the occurrence of
damage. High strength capacity and ductility for seismic lateral resisting systems improve the struc-
tural vulnerabilities and limit damage concentrations in areas subject to seismic conditions. Several
types and shapes of structural systems with appropriate ductility and energy dissipation features are
currently established as structural fuses to enhance the general performance of the structures and
decrease seismic ramifications. To enhance the energy dissipation performance and concentration of
the inelasticity, improving the ductile behavior and limiting the unpredictable accumulation of plastic
strains is essential. The conventional eccentrically braced systems are examined and reestablished,
and the effects of shear fuses used in high-rise buildings are investigated for prototype buildings
by implementing the verified simulations. Next, seismic protective fuse systems with innovative
dampers consisting of several butterfly-shaped shear links are established. Ultimately, the design
guidelines are established based on the conventional eccentrically braced frames (EBFs), which are
redesigned with the use of noble seismic protective fuses, and the hysteretic behavior is obtained and
compared accordingly.

Keywords: structural fuses; finite element analysis; computational programming; new generation of
lateral resisting systems

1. Introduction

During major earthquakes, the ductile mechanism incorporated in structural applica-
tions provides the inelastic drift capacity to improve general energy dissipation and avoid
significant damages [1–3]. For various applications, the shear fuse system could be handled
through the strategic removal of the substance to uniformly concentrate inelasticity over
the length, in order to save other elements from unpredicted damages and preserve their
intactness [4–9]. A desirable structural fuse type recently used in different infrastructure is
hourglass-shaped beams, for which the steel web consists of semi-hourglass shape cutouts,
strategically leaving the rest of the steel for approximating the moment capacity diagrams
with moment demand diagrams [10–13]. The geometric details of the hourglass-shaped
beam implemented in mid-rise infrastructures and buildings are shown in Figure 1. Struc-
tures are created with the intention of enduring earthquakes without being destroyed. To
minimize harm to the structural system, engineers use steel shear dampers that have the
ability to undergo inelastic drift and dissipate energy when exposed to excessive loading
conditions [14–17]. These dampers function as structural fuses, directing inelasticity to
a specific part of the structure to protect other components from damage. The use of
dampers is a common method used to mitigate the effects of seismic loading on structures,
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but their effectiveness in structures built with green concrete is not well understood [18].
Steel plates with shear links cut into them are an example of such dampers that possess
adequate ductility and energy dissipation capability, enabling them to undergo yielding
ductile modes of behavior when exposed to shear loading demand.

Figure 1. Butterfly-shaped link and its uses: (A) hourglass-shaped fuse systems in various applica-
tions; (B) shear fuse system loading conditions.
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Various prototype dampers, including the butterfly-shaped web steel units, have
recently been established for the better concentration of inelasticity and plasticity within
a pre-determined region. Similar strategies to protect a beam column’s interconnection
area from significant damages are used for reestablishing various multistory buildings
and for the fortification purposes of existing structures [13]. The use of fuses substantially
increases the energy structural performance in highly seismic areas [6,12,19–21]. The drift
response of buildings could be controlled by using structural fuses, as they would lead to
more effective energy dissipation and lower the external load on the structural frame [22].
Butterfly-shaped fuses provide not only substantial energy dissipation but also ductility
and a large, evenly distributed yield when used in-plane. This makes them a suitable choice
for dampers in high-rise buildings, as they can limit the drift response and reduce demands
on the framing. Previous design methods for dampers have been based on flexural limit
states, which can result in an over- or under-estimation of the dampers’ capacity against
lateral forces. Studies have shown that stress is not evenly distributed along the length
of the dampers, making it necessary to improve the design methodology and conduct
effective investigations of steel dampers.

New structural dampers could accumulate the plastic strains within the structural
shear fuses, whereas the rest of the boundary elements remain intact. Several works
found that these dampers could experience shear angle ratios of more than 30% without
crack initiation [23,24]. The general butterfly-shaped fuse system and the related loading
condition are shown in Figures 1A and 1B, respectively.

Various studies have tackled the common challenges associated with structural fuse
systems containing different types of dampers. It has been determined that butterfly-
shaped dampers are effective because they align the demand moment curves with the
capacity moment diagrams. Numerous works have suggested a design methodology that
enables butterfly-shaped and straight dampers to resist lateral torsional buckling effectively.
Likewise, earlier research [20–22] demonstrated that with proper design, the fuses can
ensure a correct distribution of shear and flexural stresses throughout the length of the
damper. Different studies indicated that the implementation of shear fuses and various
dampers could control the structural responses to a significant degree [25–30].

In this paper, the geometric properties are investigated and the possible design ranges
are determined to understand the mechanisms of ductile and brittle limit states [13,15,24].
Furthermore, guidelines are established for design strategy suggestions for which the duc-
tile behavior governs the brittle modes for use in various applications. The detailed studies
on the limit states and transitions are summarized by the stiffness equation, which can be
estimated with the proposed tables. The conventional and new systems are established,
and the developed guidelines are then used to compare their behavior.

2. Guideline Design Procedures for Butterfly-Shaped Links

To determine the procedures for redesigning the lateral resisting systems with innova-
tive butterfly-shaped dampers in high-rise buildings, this section is developed according to
previous studies on ductile and brittle limit states [12,13,24,25].

2.1. Limit States and Designing Requirements

The mechanical analysis for structural shear links determines suitable energy dissi-
pation for the dampers with the dominating flexural limit state. Desirable performance
in dissipation is related to regions of inelasticity; it is best that these regions are located
away from areas of discontinuity and geometric variations [26]. The design guidelines are
established for the geometric properties that prevent brittle modes and promote ductile
behavior.
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First, the strategically chosen geometric properties allow for the plastic hinges to be set
far from the discontinuous joints, therefore reducing the possibility of the onset of cracks.
Next, the energy dissipation studies show sufficient energy dissipation for the dampers
with a dominating flexural limit state for a specific amount of steel material compared
to the shear dominated dampers [21]. However, for several cases, the space constraints
and geometric issues that the flexure-dominated dampers present mean that the shear
dominated design could not be used as intended. The flexure and shear capacity are shown
in Equations (1) and (2), respectively:

P f lexure
p =

2n(b− a)atσy

L
(1)

Pshear
p = n

σyat
√

3
(2)

Transitional equations to establish the flexural yielding mechanism are shown below.
For a < b/2:

b− a
L

< 0.28 (or α > 148
◦
) Flexure dominated (3)

when a > b/2 or is slit (a = b), the flexure-dominated limit state would initiate for b/L < 1.15.
Furthermore, the moment and shear capacity limit states for the dampers with a > b/2 are
assessed with Equations (4) and (5):

P f lexure
p =

nb2t
2L

σy (4)

Pshear
p = n

σybt
√

3
(5)

2.2. Brittle and Ductile Mode of Behavior Investigations

The minimum flexure or shear limit states determined with Equation (6) should be
less than the buckling limit state determined by Equations (6) and (7) [27].

Pp = min
{

P f lexure
p , Pshear

p

}
(6)

PLTB
cr =

2E[0.533 + 0.547(a/b)− 0.281(a/b)2 + 0.096(a/b)3]bt3

L2
√

1 + v
(7)

Studies done by Frazampour and Eatherton show that PP is the minimum ductile
strength and PLTB is the lateral torsional buckling limit state [23]. Hence, the maximum
lateral buckling capacity for the brittle mode behavior should have higher values compared
to the minimum ductile capacity for each damper. In the event of buckling, it is important
to examine the effect of the overstrength factor for the rest of the elements, as shown by
Equation (8). Based on the parametric study’s post-processing results [24], the overstrength
factor could be identified. It is noted for the geometries that b/L is above 0.4; the lower
values could be taken into consideration as shown in Table 1, which indicates over-strength
factors for various geometric properties of steel dampers.

ΩPp < Pcr
LTB (8)

The average normalized PEEQ values considering the low plastic strain values for
hourglass-shaped shear fuses are shown in Table 2. Based on the geometrical investigation,
an a/b value of 1.0, or 0.1, could lead to high plastic strain concentration values and induce
fractures. In general, plastic strain values of 0.33 and 0.75 are suggested for the design
and use of various dampers. The high normalized plastic strain values shown in Table 2
indicate less ductility, fracture initiation potential, and resistance issues.
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Table 1. The over strength factor for various geometrical properties of steel dampers.

Shear Fuse b/L Ω

a/b

0.1

0.1 4.1
0.2 3.3
0.3 2.8
0.4 1.8

0.33

0.1 2.3
0.2 1.65
0.3 1.35
0.4 1.3

0.75

0.1 4.13
0.2 3.18
0.3 2.51
0.4 1.95

1

0.1 4.35
0.2 3.35
0.3 2.75
0.4 2.45

Table 2. The over-strength factors for various geometrical properties of steel dampers.

Normalized PEEQ at 5% Mid Width (a)/End Width (b)

b/L 0.1 0.33 0.75 1
0.1 5.82 2.35 2.59 5.18
0.2 8.41 6.18 5.47 15.94
0.3 16.35 1.03 1.00 16.76
0.4 20.71 1.29 1.24 21.76

2.3. Drift Ratio Control Requirement, Based on the Stiffness

Figure 2 depicts the geometric properties of a plate consisting of butterfly-shaped
shear links. Taking into account various factors contributing to the total stiffness of a plate
with butterfly-shaped links [1,30], the total stiffness of the innovative damper is estimated
by Equation (9).

KT =
KbKvKcKd

KbKvKc + KbKvKd + KbKcKd + KvKcKd
(9)

Therefore, the stiffness partial terms of Kb, Kv, Kc, and Kd are derived from Equations
(10)–(13):

Kb = Eb3t

(
2
( a

b − 1
)3

3
[
2Ln

( a
b
)
+
( a

b − 1
)( a

b − 3
)]

L3

)
(10)

Kv =
5nGt

6L (b− a)

Ln
(

b
a

) (11)

Kc = n
P
δc

=
EtLb

3

6C(L)2 (12)

Kd =
5
6

GtLb
L

(13)
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Figure 2. The structural shear damper modes of behavior: (a) butterfly-shaped geometry; (b) moment
deformation; (c) shear deformation.

Equations (14) and (15) determine the calculations of the total flexure stiffness (Kflexurefactor)
and total shear stiffness (Kshearfarctor), respectively. These two factors could be interpolated
based on data provided in Tables 3 and 4 as well, which summarize the factors for estimating
the flexural and shear stiffness values.

Kb = n× E× t×Kflexurefactor (14)

Kv = n×G× t×Kshearfactor (15)

Table 3. Kshearfactor.

a/b

0.1 0.33 0.66 1

K shear factor b/L

0.2 0.065 0.100 0.136 0.2
0.4 0.130 0.201 0.272 0.4
0.6 0.195 0.302 0.409 0.6
0.8 0.260 0.402 0.545 0.8

Table 4. Kflexurefactor.

a/b

0.1 0.33 0.66 1

K flexure factor b/L

0.2 0.2 0.001 0.003 0.005
0.4 0.4 0.015 0.03 0.047
0.6 0.6 0.052 0.101 0.159
0.8 0.8 0.124 0.239 0.378

Slit shear link stiffness could be similarly established by Equation (16):

KT =
KbKvKcKd

KbKvKc + KbKvKd + KbKcKd + KvKcKd
(16)

Therefore, the stiffness partial terms of Kb, Kv, Kc, and Kd are derived from Equations
(17)–(20):

Kb =
nEtb3

L3 (17)

Kv = Kv =
5n
6

Gtb
L

(18)
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Kc =
EtL3

b
6cL2 (19)

Kd =
GtLb

L
(20)

The residual displacements are required to be less than the prescribed values for
various lateral resisting applications as are determined by Equation (21).

Ploading

KT
< δspeci f ied (21)

In addition, for applications such as EBF systems, the drift limit state needs to be
checked. Considering the AISC 341 drift requirements, the maximum displacement varia-
tion is 1 inch for a 12 ft height building. Therefore, Equation (22) could be established.

δp = δup − δdown ≤ 1 inch (22)

The rotation angle within the shear links could be calculated and checked according
to Equation (23):

γp =
L
e

θp where θp =
δp

hstory
(23)

where gP is the rotation within the link, and θp is the story drift angle. The resulting rotation
within the link for a 30 ft span is as follows: based on the previous experimental tests, it is
shown that the ultimate rotational capacity of butterfly-shaped fuses for various geometries
should be less than 0.2 in.

3. Verification of Finite Element Modeling Methodology via Laboratory Testing

To confirm the laboratory testing that observed the yielding and lateral torsional
buckling behavior of butterfly-shaped dampers under cyclic loading conditions at different
drift intervals, the Finite Element (FE) software utilized. The computational model is
built with the same boundary conditions as the laboratory testing, with the edge of the
dampers being fully constrained. S4R elements with five integration points are considered
to simulate the laboratory test done by Ma et al. [31]. Hour glassing and shear locking
events are avoided with the use of hourglass prevention modes and reduced integration
points.

To obtain a hysteretic pushover effect, the dynamic explicit solver is utilized to ana-
lyze both monotonic and cyclic behavior. The material model used has a yield strength
of 273 MPa and an ultimate strength of 380 MPa. The cyclic response is obtained and
compared to laboratory test results, as demonstrated in Figure 3.

In order to make appropriate comparisons and obtain similar limit states, a verification
study done by Shin et al. [32] is considered. The FE ABAQUS package is implemented
to precisely simulate the behavior and capture the post analysis results. A computational
model consisting of twenty-point solid elements and reduced integration features is used
to prevent the occurrence of shear locking [32]. A bi-linear constitutive material model
with a yield strength of 379 MPa, elastic modulus of 200 GPa, and 0.015% hardening
is implemented. Based on the testing conditions, the story shear was estimated to be
1.42 times the obtained shear strength, and the drifts are determined based on the chord
rotation divided by 1.34. Figure 4 summarizes the shear and drift results under a cyclic
loading condition for the hourglass-shaped beam [33]. For the limit state, the buckling
occurred at a 2% drift ratio—a value precisely captured from the simulation models. Before
and after buckling, the determined strengths from testing were 76 kN and 57.4 kN, while
the simulation results determined values of 73.2 kN and 52.7 kN, with less than a 5%
margin of difference.
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Figure 3. The laboratory test results were confirmed by using a finite element modeling approach:
(a) FE modeling establishment; (b) verification of modeling methodology cyclic and monotonic
behaviors.

Figure 4. The laboratory test results were confirmed by using a finite element modeling approach:
(a) verified hysteretic response; (b) FE model.
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4. Preparation of Reduced-Order Simulation Models for Innovative Lateral
Resisting Systems

The reduced-order models used for simulating multi-story buildings based on the
primary results of the FE analysis are established by verification of the cyclic behavior.
Butterfly-shaped beams are developed accordingly for a conventional EBF prototype system
introduced in the IC (2012) code provision for their use in high-rise applications, redesigned
with a set of shear fuses and a total beam length of 120 cm.

The details of the computational models are shown in Figure 5; the material model has
a yielding stress of 250 MPa, modulus of elasticity of 2 × 105 MPa, and a strain-hardening
ratio of 0.0005. To confirm the reduced order model computational system, a cyclic load
protocol used in AISC for EBF behavior studies is considered and applied as shown in
Figure 5 [33]. The schematic reduced-order model established with Opensees packages is
illustrated in Figure 6, where the beams are modeled using elastic elements with negligible
effects of the upper and lower steel plates on inelastic behavior.

Figure 5. The computational model of the beam.

The displacement-based beam element command (dispBeamColumn) is applied to
develop the butterfly-shaped links. The taper-shaped shear links are generated based
on the pinned boundary condition, which is schematically shown. The isotropic strain
hardening material is developed based on the yielding regime of 248 MPa, a modulus of
elasticity of 2× 105 MPa, and a strain-hardening value of 0.05. From Figure 6, the hysteretic
behavior and results of the reduced-order models indicate that the reduced-order model
could achieve the hysteretic behavior with 98% accuracy.
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Figure 6. The verified models based on the FE and OpenSees analysis: (a) OpenSees reduced-order
model schematic illustration; (b) reduced-order computational model hysteretic model with a Vdesign

of 530 kN.

5. Performance of Multi-Story Prototype Structure Designed Based on the Guidelines

To study the effects of shear link implementations on various multi story buildings,
the EBF prototype from SEAOC is selected [34]. By establishing a multistory structure
with shear fuses systems, both lateral resisting structures are simulated. To satisfy the
equilibrium scenario based on Figure 7, Equations (24) and (25) are applied to determine
the forces imposed on the butterfly-shaped damper. Equation (24) is obtained from the
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general static conditions for the top beam and Equation (25) is developed according to the
general equilibrium of the system.

VBF =
2M
H

& M =
VL
2

(24)

2M−VL + HVBF −VBF H = 0 (25)

Figure 7. Butterfly shaped damper and the imposed forces on the damper.

By simplifications, Equation (26) could be obtained.

VBF =
V × H

L
(26)

By deriving Equation (26), the design force for the butterfly links could be calculated,
as shown in Table 5.

Table 5. The prototype and new lateral resisting systems.

Level Shear
(Kips)

Cumulative
Force (kN)

Design Force for the
Butterfly Links with
Equation (26) (kN)

Design
Groups Specifications

Roof 60 267 1085
1085 III

BU 13 × 53
Six 60 534 1085 BU 13 × 53

Five 88 925 1592 1592 II BU13 × 53
Four 125 1481 2260

2260 I
W 10 × 68

Third 125 2438 2260 W 10 × 68
Second 125 2593 2260 W 10 × 68

Three design groups are shown in Figure 8. According to guidelines, the fuses are
established to accommodate and meet the same demand forces reported by SEAOC that
are used for establishing the typical conventional EBF systems [34].
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Figure 8. Three design groups used, developed according to guidelines (thickness in centimeter):
(a) Group I; (b) Group II; (c) Group III.

If ductile mechanisms are intentionally redirected from tension-induced buckling, the
energy dissipation can be improved. The study investigates the impact of this innovative
damper on various prototype buildings and compares it to traditional systems. By using
finite element models to study different prototypes, the mechanics, equations, and design
tools are developed to allow for the tuning of lateral resistance behavioral features, such as
stiffness and strength.

The fuse requirements are in accordance with the provided guidelines in previous sec-
tions. Figure 8 shows the six-story simulations with the links. The schematic conventional
and butterfly models are shown in Figure 8a. The details of the computational models
considering the leaning column effects to simulate P-D effects are shown in Figure 8b,c.
The gravity loads are estimated according to the total weight of the structure related to the
seismic performance and are imposed at each story, which is subsequently divided by two
to account for each column in the lateral resisting EBF system [33].

The yielding mechanisms in discrete steel segments can be controlled by setting a limit
on the buckling state, leading to flexural and shear stresses. By designing new concepts,
energy dissipation capability can be improved and demands on structural boundary ele-
ments can be reduced in steel structural applications. The damping ratio is determined
using Raleigh ratio recommendations for the first couple of natural modes, and is found to
be 0.02. In conventional structures, the linking beam is designed to have a shear yielding
mechanism. To achieve this, a zero-length element is used in the Opensees software pack-
age to establish the shear stiffness of the system in the vertical direction, as illustrated in
Figure 8. The models considered for NRHA studies in Figure 9.

The allowable drift ratio is determined for each story in the two models, according
to the design forces. All the drift ratios are shown to be less than 0.02 off the drift ratio
code requirement limit. Based on further investigation between the conventional and
butterfly equipped system, it is found that both systems initiate yielding within a similar
strength capacity range, while the conventional systems could not achieve the larger drift
ratios compared to the butterfly fuse equipped systems shown in Figure 10. This study
summarizes the step-by-step procedure to establish a new generation of lateral resisting
systems utilizing various dampers. Future studies will be allocated to the investigation
of the performance of the conventional systems and the systems with the new generation
of dampers. The analysis suggests that, in numerous seismic shear damper systems, the
yielding starts within the damper, and the plastic strains accumulate in the damper rather
than the plates.
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Figure 9. The models considered for NRHA studies: (A) the schematic representation of new
generation of dampers used for EBF structural systems; (B) the model with the damper; (C) the
conventional system.

This study examines and compares the implementation of a new lateral resisting
system, which includes butterfly-shaped dampers, with the EBFs in multi-story prototype
buildings. The new design converts global shear deformations into local flexural yielding
mechanisms, which can reduce demands on other structural boundary elements and
improve seismic performance. The new system is shown to have similar stiffness and
strength as the conventional system, but with over 30% lower demands on boundary
elements, leading to more efficient and economical design procedures for seismic intensive
areas.
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Figure 10. A comparison of the pushover curves is made between the conventional EBF system and
the new lateral resisting system that includes structural fuses.

6. Conclusions

Shifting towards the ductile modes of behavior, where buckling and early tension
yielding and local flexure or shear yielding occur, could improve seismic resistance capabil-
ity and energy dissipation. Structural fuses are utilized to focus damages in specific areas
of buildings, which has multiple benefits in reducing their vulnerability to seismic activity.
These systems are effective at preventing stiffness and strength degradation, resulting in
more stable hysteretic responses. Additionally, the use of structural fuses can protect nearby
elements from excessive force and inelasticity, providing further safeguards against seismic
damage.

The commonly used conventional EBFs are investigated and redesigned with the
system of innovative dampers. Initially, seismic dampers used in building applications
Were studied based on prototype buildings by implementing the verified simulations.
Next, seismic protective fuse systems were introduced, and design requirements were
examined. Guideline design procedures have been established and the EBF systems have
been redesigned.

The effects of the shear links on multi-story prototype buildings and conventional
systems have been displayed. It is concluded that the innovative and strategically designed
configurations that convert the global shear deformations into ductile modes of behavior
could have practical advantages for steel systems as they improve various structural
capabilities and demand less boundary elements. The prototype building application can
withstand early brittle limit states and dissipate energy more efficiently by regulating the
occurrence of flexural and shear yielding mechanisms throughout the steel segments.

Author Contributions: Conceptualization, A.F., I.M., J.-W.H. and S.J.M.; methodology, A.F.; Inves-
tigation, A.F.; Data curation, M.R.K.; writing—original draft, A.F. and S.J.M.; writing—review and
editing, A.F., I.M., J.-W.H., S.J.M. and E.R.; funding acquisition, A.F.; resources, I.M. and J.-W.H.;
supervision, J.-W.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Post-Doctoral Research Program for Excellence Institute (2023)
in the Incheon National University.



Appl. Sci. 2023, 13, 3852 15 of 16

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by Post-Doctoral Research Program for Excellence
Institute (2023) in the Incheon National University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Farzampour, A.; Mansouri, I.; Mortazavi, S.J.; Hu, J.W. Force–Displacement Relationship of the Butterfly-Shaped Beams Based on

Gene Expression Programming. Int. J. Steel Struct. 2020, 20, 2009–2019. [CrossRef]
2. Mansouri, I.; Safa, M.; Ibrahim, Z.; Kisi, O.; Tahir, M.M.; Baharom, S.; Azimi, M. Strength Prediction of Rotary Brace Damper

Using MLR and MARS. Struct. Eng. Mech. 2016, 60, 471–488. [CrossRef]
3. Lee, C.H.; Kim, J.; Kim, D.H.; Ryu, J.; Ju, Y.K. Numerical and Experimental Analysis of Combined Behavior of Shear-Type Friction

Damper and Non-Uniform Strip Damper for Multi-Level Seismic Protection. Eng. Struct. 2016, 114, 75–92. [CrossRef]
4. Luth, G.P.; Sargunuraj, S.; Gregory, P.E.; Krawinkler, H.; Mcdonald, B. USC School of Cinema: An Example of Reparable

Performance Based Design. Available online: gregorypluth.com (accessed on 1 January 2018).
5. Farzampour, A.; Yekrangnia, M. On the Behavior of Corrugated Steel Shear Walls with and without Openings. In Proceedings of

the Second European Conference on Earthquake Engineering and Seismology, Istanbul, Turkey, 25–29 August 2014.
6. Mansouri, I.; Farzampour, A. Buckling Assessment of Imperfect Cylindrical Shells under Axial Loads Using a Gep Technique.

Electron. J. Fac. Civ. Eng. Osijek-E-GFOS 2018, 9, 89–100. [CrossRef]
7. Farzampour, A.; Mansouri, I.; Hu, J.W. Seismic behavior investigation of the corrugated steel shear walls considering variations

of corrugation geometrical characteristics. Int. J. Steel Struct. 2018, 18, 1297–1305. [CrossRef]
8. Paslar, N.; Farzampour, A.; Hatami, F. Infill Plate Interconnection Effects on the Structural Behavior of Steel Plate Shear Walls.

Thin-Walled Struct. 2020, 149, 106621. [CrossRef]
9. Giannuzzi, D.; Ballarini, R.; Huckelbridge, A., Jr.; Pollino, M.; Valente, M. Braced Ductile Shear Panel: New Seismic-Resistant

Framing System. J. Struct. Eng. 2014, 140, 04013050. [CrossRef]
10. Farzampour, A.; Khatibinia, M.; Mansouri, I. Shape optimization of butterfly-shaped shear links using grey wolf algorithm. Ing.

Sismica 2019, 36, 27–41.
11. Lim, W.Y.; Kim, S. Experimental Assessment of Seismic Vulnerability of Precast Concrete Beam-to-Beam Connections with Steel

Slit Damper. Int. J. Steel Struct. 2017, 17, 1249–1260. [CrossRef]
12. Farzampour, A.; Eatherton, M. Investigating Limit States for Butterfly-Shaped and Straight Shear Links. In Proceedings of the

16th European Conference on Earthquake Engineering, 16ECEE, Thessaloniki, Greece, 18–21 June 2018.
13. Farzampour, A.; Eatherton, M. Parametric Study on Butterfly-Shaped Shear Links with Various Geometries. In Proceedings of

the 11th National Conference on Earthquake Engineering 2018, NCEE 2018: Integrating Science, Engineering, and Policy, Los
Angeles, CA, USA, 25–29 June 2018; Volume 4.

14. Zeynali, K.; Saeed Monir, H.; Mirzai, N.M.; Hu, J.W. Experimental and Numerical Investigation of Lead-Rubber Dampers in
Chevron Concentrically Braced Frames. Arch. Civ. Mech. Eng. 2018, 18, 162–178. [CrossRef]

15. Farzampour, A.; Laman, J.A.; Mofid, M. Behavior prediction of corrugated steel plate shear walls with openings. J. Constr. Steel
Res. 2015, 114, 258–268. [CrossRef]

16. Paslar, N.; Farzampour, A.; Hatami, F. Investigation of the infill plate boundary condition effects on the overall performance of
the steel plate shear walls with circular openings. Structures 2020, 27, 824–836. [CrossRef]

17. Farzampour, A.; Mansouri, I.; Hu, J.W. Investigation of Seismic Behavior of Corrugated Steel Shear Walls Considering Variations
of Corrugation Geometrical Characteristics. In Proceedings of the 9th International Symposium on Steel Structures, Jeju, Republic
of Korea, 1–4 November 2017.

18. Mansouri, E.; Manfredi, M.; Hu, J.W. Environmentally Friendly Concrete Compressive Strength Prediction Using Hybrid Machine
Learning. Sustainability 2022, 14, 12990. [CrossRef]

19. Paslar, N.; Farzampour, A. Effects of Infill Plate’s Interconnection and Boundary Element Stiffness on Steel Plate Shear Walls’
Seismic Performance. Materials 2022, 15, 5487. [CrossRef] [PubMed]

20. Tsai, K.-C.; Chen, H.-W.; Hong, C.-P.; Su, Y.-F. Design of Steel Triangular Plate Energy Absorbers for Seismic-Resistant Construction.
Earthq. Spectra 1993, 9, 505–528. [CrossRef]

21. Farzampour, A. Structural behavior prediction of the Butterfly-shaped and straight shear fuses. Structures 2021, 33, 3964–3972.
[CrossRef]

22. Farzampour, A.; Eatherton, M.R. Yielding and Lateral Torsional Buckling Limit States for Butterfly-Shaped Shear Links. Eng.
Struct. 2019, 180, 442–451. [CrossRef]

23. Valente, M.; Castiglioni, C.A.; Kanyilmaz, A. Welded fuses for dissipative beam-to-column connections of composite steel frames:
Numerical analyses. J. Constr. Steel Res. 2017, 128, 498–511. [CrossRef]

http://doi.org/10.1007/s13296-020-00417-2
http://doi.org/10.12989/sem.2016.60.3.471
http://doi.org/10.1016/j.engstruct.2016.02.007
gregorypluth.com
http://doi.org/10.13167/2018.17.9
http://doi.org/10.1007/s13296-018-0121-z
http://doi.org/10.1016/j.tws.2020.106621
http://doi.org/10.1061/(ASCE)ST.1943-541X.0000814
http://doi.org/10.1007/s13296-017-9030-9
http://doi.org/10.1016/j.acme.2017.06.004
http://doi.org/10.1016/j.jcsr.2015.07.018
http://doi.org/10.1016/j.istruc.2020.06.031
http://doi.org/10.3390/su142012990
http://doi.org/10.3390/ma15165487
http://www.ncbi.nlm.nih.gov/pubmed/36013624
http://doi.org/10.1193/1.1585727
http://doi.org/10.1016/j.istruc.2021.07.008
http://doi.org/10.1016/j.engstruct.2018.10.040
http://doi.org/10.1016/j.jcsr.2016.09.003


Appl. Sci. 2023, 13, 3852 16 of 16

24. Cao, X.Y.; Shen, D.; Feng, D.C.; Li, Y. Assessment of various seismic fragility analysis approaches for structures excited by
non-stationary stochastic ground motions. Mech. Syst. Signal Process. 2023, 186, 109838. [CrossRef]

25. Farzampour, A.; Eatherton, M.R. Parametric Computational Study on Butterfly-Shaped Hysteretic Dampers. Front. Struct. Civ.
Eng. 2019, 13, 1214–1226. [CrossRef]

26. Farzampour, A. Evaluating Shear Links for Use in Seismic Structural Fuses. Ph.D. Thesis, Virginia Tech, Blacksburg, VA, USA,
2019.

27. Farzampour, A.; Mortazavi, S.J.; Mansouri, I.; Awoyera, P.O.; Hu, J.W. Multistory buildings equipped with innovative structural
seismic shear fuse systems. In Seismic Evaluation, Damage, and Mitigation in Structures; Woodhead Publishing: Sawston, UK, 2023.
[CrossRef]

28. Farzampour, A.; Mansouri, I.; Dehghani, H. Incremental Dynamic Analysis for Estimating Seismic Performance of Multi-Story
Buildings with Butterfly-Shaped Structural Dampers. Buildings 2019, 9, 78. [CrossRef]

29. Farzampour, A.; Mansouri, I.; Lee, C.H.; Sim, H.B.; Hu, J.W. Analysis and Design Recommendations for Corrugated Steel Plate
Shear Walls with a Reduced Beam Section. Thin-Walled Struct. 2018, 132, 658–666. [CrossRef]

30. Farzampour, A. Innovative Structural Fuse Systems for Various Prototype Applications. Materials 2022, 15, 805. [CrossRef]
31. Ma, X.; Borchers, E.; Pena, A.; Krawinkler, H.; Billington, S.; Deierlein, G.G. Design and Behavior of Steel Shear Plates with Openings as

Energy-Dissipating Fuses; John A. Blume Earthquake Engineering Center Technical Report; John A. Blume Earthquake Engineering
Center: Stanford, CA, USA, 2010; Volume 173.

32. Shin, M.; Kim, S.P.; Halterman, A.; Aschheim, M. Seismic Toughness and Failure Mechanisms of Reduced Web-Section Beams:
Phase 1 Tests. Eng. Struct. 2017, 141, 198–216. [CrossRef]

33. AISC Committee. Seismic Provision for Structural Steel Buildings (ANSI/AISC 341-16); AISC Committee: Chicago, IL, USA, 2016.
34. ICC Staff; SEAOC Staff. 2012 IBC SEAOC Structural Seismic Design Manual Vol. 3: Examples for Concrete Buildings; International

Code Council: San Francisco, CA, USA, 2012.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ymssp.2022.109838
http://doi.org/10.1007/s11709-019-0550-6
http://doi.org/10.1016/B978-0-323-88530-0.00004-0
http://doi.org/10.3390/buildings9040078
http://doi.org/10.1016/j.tws.2018.09.026
http://doi.org/10.3390/ma15030805
http://doi.org/10.1016/j.engstruct.2017.03.016

	Introduction 
	Guideline Design Procedures for Butterfly-Shaped Links 
	Limit States and Designing Requirements 
	Brittle and Ductile Mode of Behavior Investigations 
	Drift Ratio Control Requirement, Based on the Stiffness 

	Verification of Finite Element Modeling Methodology via Laboratory Testing 
	Preparation of Reduced-Order Simulation Models for Innovative Lateral Resisting Systems 
	Performance of Multi-Story Prototype Structure Designed Based on the Guidelines 
	Conclusions 
	References

