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Abstract: This study investigated the seismic performance of reinforced concrete columns retrofitted
with Replaceable Steel Links (RSLs), focusing on the effects of varying sliding slot lengths and
torsional loads. The RSL system, known for its simple construction and effective seismic performance,
was analyzed to assess the feasibility of substituting damaged steel links post-earthquake, using
the system as a structural fuse. The experimental results highlighted the role of sliding slot lengths
in delaying the initiation of shear cracks, especially under eccentric lateral loads. The RSL system
exhibited notable torsional resistance, showing only a 10% decrease in maximum load capacity, even
with a two-fold increase in the eccentric distance. Furthermore, with an increase in sliding slot length,
the difference in cumulative energy dissipation attributable to augmented eccentric distances reached
approximately 50%, indicating a notable impact of sliding slot length on the system’s ability to resist
torsion. Consequently, it is recommended that the length of the sliding slot be based on the specific
seismic design objectives when employing the RSL system as a structural fuse. The post-experiment
inspection revealed no deformation in the steel plates, and the buckled steel links could be effortlessly
replaced by loosening the high-tensile bolts in the slots. These findings demonstrate the RSL system’s
efficiency as a structural fuse.

Keywords: seismic retrofitting; brace; structural fuse; replaceable steel link

1. Introduction

Recent studies on the seismic retrofitting of reinforced concrete columns have placed a
notable emphasis on the utilization of high-performance materials, including high-strength
concrete and fiber-reinforced polymers (FRPs). Furthermore, there is a growing focus on the
development of effective techniques for retrofitting existing structures. The introduction of
advanced techniques, including rapid and cost-effective repairs of earthquake-damaged
buildings, as well as numerical modeling and simulation techniques for more accurate
assessment of a building’s seismic performance, is also a trend in current research [1-5].
Attari et al. [1] conducted experimental research on reinforcing concrete structures using
FRPs. Attari et al. [1] investigated the deformability of the specimens after reinforcement,
with a view to enhancing the seismic performance of reinforced concrete beam-column
joints. Yao et al. [2] studied the seismic performance of corroded RC columns reinforced by
textile-reinforced concrete. Nasab et al. [3] proposed a seismic reinforcement method using
viscoelastic dampers to prevent shear deformation. Cheng et al. [4] fabricated a 1/5 scale
model of an RC frame reinforced with RC infill walls with mega-braces (RCIWMB) and
evaluated its seismic performance through shaking table tests. They compared the seismic
performance by producing specimens with RCIWMB arranged vertically and intersected.
Ferraioli et al. [5] proposed a design method for the seismic retrofit of reinforced concrete
buildings using aluminum multi-stiffened shear panels as dampers, and its effectiveness
has been validated using nonlinear response-history analysis. Seismic design has allowed
inelastic deformation in structures, using hysteretic behavior to dissipate seismic energy.
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However, this leads to damage and permanent deformations in structures, resulting in high
repair costs. As an alternative, recent seismic designs have implemented the use of struc-
tural fuses [5]. In the seismic design and the retrofitting of structures, considering structural
fuses means sacrificing these members to disperse seismic energy while maintaining the
performance of the structural elements. Structural fuses enter the inelastic region before
other structural members, absorbing seismic energy and concentrating damage during
earthquakes. After an earthquake, only these fuse elements need replacement, making
repairs easier and more cost-effective. In the seismic retrofitting of reinforced concrete
structures, structural fuses often use metallic materials for dampers or buckling-restrained
braces (BRBs), with the main advantage being their quick repair.

Consequently, research on the seismic retrofitting of reinforced concrete structures
is focused on evaluating the dynamic behavior of structures with retrofitting members
to assess whether they can function as structural fuses [6—10]. Structures with structural
fuses involve complex parameters, requiring nonlinear time history analysis in the design.
Therefore, studies on the analysis techniques of structural fuses are also prevalent. Vargas
and Bruneau [6] presented a simple and reliable design procedure for structures using
BRBs as structural fuses. EI-Bahey et al. [7] applied BRBs, commonly used as structural
fuses, to a 2/3-scale model and conducted quasi-static tests to observe their effect on
the seismic performance of a complete bridge. The experiments confirmed that adding
structural fuses increased the system’s strength and stiffness and effectively dissipated
seismic energy. Nikoukalam and Dolatshahi [8] noted that, in moment-resisting frames
(MREF), the beam span-depth ratio should be designed to allow sufficient length of plastic
hinges at the beam ends. They highlighted the issue of over-designing the structure and
foundation in the current design procedures for steel MRFs. To overcome this issue, they
introduced a new shear structural fuse for MRFs. The shear structural fuse, designed
as a sacrificial member to dissipate seismic energy through shear deformation, weakens
the shear strength in the middle of the beam. Irvani et al. [9] confirmed the dynamic
behavior of a Simpson Strong-Tie (SST) connection using a low-yield-point (LYP) T-stub
fuse, which protects structural members at the beam—column joint. The finite element
analysis was performed on 15 models with SST connections, confirming that they serve
as structural fuses. Farzampour [10] grouped commonly used structural steel fuses into
three types based on their characteristics and analyzed their seismic performance in actual
buildings through finite element analysis. The structural fuses were categorized into group
1: a single row of links (e.g., eccentrically braced system (EBF), linking beam and linked
column applications), group 2: multiple rows of links with multiple rows of dampers
(e.g., bay bridge application), and group 3: perimeter rows of links (e.g., steel shear walls).
Ghadami et al. [11] and Zhuang et al. [12] proposed a seismic retrofitting method using a
steel link. The seismic retrofitting method employing a steel link has been confirmed to
effectively enhance both stiffness and strength under cyclic loading. The analysis revealed
that structural fuses can improve the energy dissipation capability but also highlighted
issues including replaceability, cost, and complex design requirements. Recent trends have
involved proposing and evaluating seismic retrofit materials that can function as structural
fuses with easy replacement details [13-17]. In particular, the seismic retrofitting method
using a steel link can be considered to function as a structural fuse, given the replaceability of
the steel link. However, studies proposing the seismic retrofitting method with a steel link,
such as [11,12], involve coupling the steel link to a moment frame and combining it with a
brace system. This configuration requires a considerable amount of installation space.

The previous study [18] introduced the concept of the Replaceable Steel Link (RSL)
system and validated its seismic performance through experiments. This current study
focuses on a distinct aspect of RSL utilization that was not addressed previously. While the
initial conceptualization of the RSL system involved its connection to structures via bolts
as a steel fuse, the feasibility of the RSL system specifically as a structural fuse remained
unconfirmed in the previous study [18]. A unique aspect of this study is the examination
of whether RSL, when using seismic retrofitting solutions, allows for the replacement of
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deformed steel links after seismic events. This entails subjecting columns to experiments
with varying eccentricities, a crucial parameter influencing torsional effects. The main
goal of this study is to evaluate not only the seismic performance of RSL but also the
practicality and efficacy of replacing deformed steel links after seismic events. In essence,
this study distinguishes itself from the previous study [18] by shifting the focus from the
seismic retrofitting effectiveness of RSL in a general structural aspect to its applicability
as a replaceable structural fuse under torsional loads. This perspective contributes to a
comprehensive understanding of the versatility and adaptability of the RSL system in
seismic design.

2. Concept of the Replaceable Steel Link (RSL)

The RSL method, as illustrated in Figure 1, involves installing steel links at the ends of
columns to resist seismic forces. This differs from conventional bracing methods, which
are typically installed diagonally across beam—column frames. The RSL method comprises
a steel link designed to resist lateral loads through compression and a steel plate that
connects it to existing structural members, as shown in Figure 2. The steel plate is anchored
to the structural member using chemical anchors. Designed for ease of installation and
replacement, the steel link is lightweight and tubular, connected to the steel plate via a
welded hinge and bolt. The hinge on the bottom plate, which attaches to the horizontal
member, is designed with a sliding slot. This characteristic enables the steel link to move
laterally, accommodating the lateral displacement of the reinforced concrete column. The
RSL method is engineered to act as a structural fuse within the building, dispersing seismic
energy during an earthquake and ensuring occupant safety.
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Figure 1. Comparison of the RSL system and conventional brace system: (a) brace and (b) RSL.
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Figure 2. Components of the RSL system.
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The construction process of the RSL method involves the preparation of the surface
of the existing element followed by the adjustment of the steel plate and the connection
of the steel link to the plate through a sliding bolt attached to a welded hinge. Unlike
conventional bracing methods applied to beam-column frames, the RSL method can
enhance the overall seismic performance of a structure when applied to a single column,
which is especially beneficial in structures with limited retrofitting space or where open
spaces like pilotis are required. Additionally, the ease of replacing the steel link after
damage is a significant advantage of the RSL method. The steel link is joined to the existing
structural member through the steel plate and anchor bolts, facilitating straightforward
replacement if damaged.

Figure 3 illustrates the behavior characteristics of the RSL system, showcasing two
distinct stages contingent upon the sliding slot’s length.

Lateral displacement Lateral displacement
—p

33 Within the permissible

(a) (b)

Figure 3. Behavior of the RSL system: (a) stage 1 and (b) stage 2.

(1) stage 1: In cases where the lateral displacement of the column falls within the sliding
slot’s length, remaining within the allowable range of displacement.
(2) stage 2: When the lateral displacement of the column surpasses the acceptable range.

Under moderate wind or seismic conditions, the lateral displacement remains confined
within the acceptable range. During this stage, the column primarily sustains the load
through the frictional force generated between the sliding slot and bolt, along with the
confinement offered by the RSL system. As the lateral load magnitude escalates, the steel
link engages with the end of the sliding slot, resisting the lateral load akin to conventional
bracing methods. The adjustability of the sliding slot’s length facilitates the tuning of
seismic energy dissipation by the RSL system, underscoring its role as a structural fuse.
Furthermore, the RSL system is devised to enhance the seismic performance of the en-
tire column, even when exclusively installed in the plastic hinge zones where damage
concentrates in reinforced concrete columns. This design allows for the straightforward
replacement of damaged steel links without the need for heavy machinery.

3. Experimental Program
3.1. Specimen Details

In this study, the seismic performance of reinforced concrete columns retrofitted with
RSL was evaluated to assess the role of RSL as a structural fuse. The cyclic loading tests
were conducted on five test specimens of reinforced concrete columns retrofitted with RSL.
To investigate the behavior of the RSL-retrofitted specimens in both stage 1 and stage 2, the
length of the sliding slot was varied. Additionally, to examine the behavior of retrofitted
specimens under a torsional load, which occurs during real earthquakes, the magnitude of
the torsion was altered by changing the eccentric distance of the lateral force applied to the
specimens. The eccentricity distance refers to the distance offset from the centerline of the
column. Considering the experimental conditions designed to induce maximum bending
and torsion in the column, the eccentric distance was determined to be larger than the core
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section of the column, measuring 62.5 mm [19,20]. Therefore, the eccentric distance was
set at 65 mm. Additionally, to investigate the influence of torsion, an eccentric distance of
130 mm, twice the value of 65 mm, was also adopted. The experimental variables are listed
in Table 1. A previous study [18] examined the seismic performance of RSL compared to
non-retrofitted concrete columns. This study specifically concentrates on evaluating the
torsional behavior of RSL-retrofitted specimens, an aspect that has already been validated
in previous studies and assessing the replaceability of the steel link after a seismic event.
Therefore, it is important to note that non-retrofitted concrete column specimens were not
used as a control specimen in this study. The determination of the sliding slot length was
grounded in the initiation points of flexural and shear cracks in reinforced concrete columns,
as identified in previous research [18] through cyclic loading testing. In conceptual terms, a
sliding slot length of 5 mm indicates that the steel link begins to resist loads following the
occurrence of flexural cracks in the reinforced concrete column. On the other hand, a sliding
slot length of 10 mm implies that resistance initiation takes place after the development of
shear cracks. Figure 4 is intended to introduce the notation of specimens.

Table 1. Details of the specimens.

No Specimen Retrofitting Eccentric Sliding Slot Point at Which the Steel Link Begins
) P Method Distance (mm) Length (mm) to Resist Load
1 NE-10 0
10 Shear crack initiation

2 E130-10 130

3 NE-5 RSL 0

4 E65-5 65 5 Flexural crack initiation

5 E130-5 130

E(NE) 65 - 5

Eccentric (E) Length of sliding
or not (NE) slot, mm

v

Eccentric
Distance, mm

Figure 4. Notation of specimens.

The test specimens consisted of a reinforced concrete column, a foundation, and the
RSL. The column had a square cross-section, with each side measuring 250 mm and a
height of 2050 mm. The top 250 mm of the column was allocated for the application of
lateral forces. The foundation, designed for the installation of the RSL and to secure the
specimen, measured 1400 mm in width, 425 mm in height, and 1270 mm in length. All
specimens were designed following the guidelines of ACI 318-19 [21], ensuring that the
design was consistent with the non-seismic detailing of reinforced concrete columns. The
longitudinal reinforcement was four deformed bars with a diameter of 22 mm and a yield
strength of 400 MPa. Stirrups were made of deformed bars with a diameter of 10 mm
and a yield strength of 400 MPa, spaced at 125 mm, which is half the minimum column
dimension of 250 mm. The columns were cast using concrete with a compressive strength of
24 MPa, while the foundation was made of concrete with a compressive strength of 30 MPa
to prevent premature failure. The material properties of the specimens were determined
through experimentation, and the average values of three specimens were considered. The
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experimental results are presented in Figure 5. The 28-day compressive strength of the
concrete used in fabricating the column was found to be 24.3 MPa, while for the foundation,
it was 30.8 MPa. The yield strengths of the steel plate and reinforcing bar, determined
through experimentation, were 275.4 MPa and 401 MPa, respectively.

450
400 — ’
350 \\
<300 '
& F I
= 250 e
7] Fi
—con24-1 2 200 ; —
-==-con24-2 % 150 - ool
—con24-3 steel-3
—con30-1 100 — bat
—con30-2
rebar-2
h s
0.001 0.002 ()..003 0.004 0.005 0.006 0 0.002 0.004 0"006 0.008 0.01 0.012
Strain(pe) Strain(HLE)
(a) (b)

Figure 5. Material properties: (a) concrete and (b) steel and rebar.

The RSL was specifically designed to retrofit only the plastic hinge length of the
reinforced concrete columns. This length, when subjected to cyclic loading, was estimated
using the formula proposed by Paulay and Priestley [22] as in Equation (1).

Tp = 0.083 +0.022dfy (1)

Here, ], is the plastic hinge length, ] is the height of the column, d, is the diameter of
the longitudinal bar, and fy is the yield strength of the longitudinal reinforcement.

In previous research [18] involving cyclic loading tests, the plastic hinge lengths
predicted by Equation (1) were similar to the experimentally observed plastic hinge regions
in reinforced concrete columns. This confirmation led to the use of the equation to calculate
the plastic hinge length in the present study, which was 338 mm. To facilitate fabrication
and construction, the section 375 mm from the base of the column was identified as the
anticipated plastic hinge region and retrofitted with the RSL. The components of the RSL
method, the steel link and steel plate, were made using steel with a yield strength of
275 MPa. The steel link was designed as a lightweight square hollow section to simplify
replacement, with dimensions of 20 mm in width and 1.5 mm in thickness. The length of the
steel link was based on the RSL retrofitting length, which matched the plastic hinge length
of the reinforced concrete column. To enable installation of the steel link at a 45-degree
angle within the plastic hinge region, its length was 455 mm. The steel plate used to
connect the structural members was 200 mm wide, 250 mm deep, and 10 mm thick, with
an 8-mm-thick hinge welded to the bottom plate. The steel link was secured to the bottom
plate’s sliding slot using 10-mm-diameter high-tensile strength bolts. The steel plate was
attached to both the column and the foundation with 16-mm-diameter chemical anchors.
The details of the test specimen are shown in Figure 6.

The RSL system was retrofitted to the reinforced concrete columns using the process
shown in Figure 7. The replacement of a damaged RSL system after an earthquake is
carried out in the reverse order of this construction process. If the structural members
are not significantly damaged, it may be sufficient to replace only the steel link without
needing to replace the steel plate.
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Figure 7. Construction process: (a) surface treatment, (b) drilling, (c) joining the steel plate to the
structural element with chemical anchors, and (d) connecting the steel link to the steel plate.
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(1) Surface treatment of the retrofitting location for the RSL system.

(2) Dirilling into the reinforced concrete column and beam.

(3) Joining the steel plate to the reinforced concrete column and beam using chemical
anchors.

(4) Securing the steel link to the steel plate with high-tensile strength bolts.

3.2. Test Setup

In this research, cyclic loading involving eccentric lateral forces was applied to simulate
the torsional effects of seismic loads on structures. A specialized jig was used to apply axial
and lateral forces at specific points on the test specimens, and the experimental setup is
illustrated in Figure 8. For clarity, the front of the specimen was designated as Side 1, while
the other sides were labeled Sides 2, 3, and 4 in a clockwise direction. Lateral forces were
introduced using a hydraulic actuator with a capacity of up to 1000 kN, controlled through
displacement. The hydraulic actuator was positioned between the reaction wall and the
specimen, connected to the top of the column through a jig. This jig, situated at both ends of
the column’s top and linked with steel rods, ensured a uniform introduction of loads in two
directions during cyclic loading. The experiment involved varying the eccentricity of the
applied lateral force, including scenarios with no eccentricity and eccentricities of 65 mm
and 130 mm. This variation aimed to scrutinize the dynamic behavior of RSL-retrofitted
reinforced concrete columns. The loading protocol adhered to the guidelines of ACI 374 [23],
which defines the standards for structural experiments on moment-frame structures. The
following loading protocol was adopted for assessing structural performance through
cyclic loading:

(1) The initial drift ratio should fall within the range of linear elastic behavior.

(2) Subsequent drift ratios should not exceed 0.25% and then should not surpass 0.5%.

(38) The steps between subsequent drift ratios should be judiciously chosen, ensuring the
experiment progresses up to a drift ratio of 3.5%.

(4) Each drift ratio should be repeated for three cycles of cyclic loading.

Accordingly, in this study, cyclic load testing was conducted for each drift ratio over
three cycles. The initial drift ratio was set to 0.2%, with a subsequent ratio of 0.25%, and
the experiment was planned to conclude when the load on the specimen was reduced to
less than 80% of the maximum load after reaching the peak. The drift ratio is defined as
the lateral displacement of a column at the point of load application (1800 mm from the
bottom) divided by the column’s height. To simulate real seismic loads acting on columns,
constant axial forces were applied using a hydraulic jack. Columns with an axial load ratio
exceeding 0.3 are less likely to exhibit nonlinear behavior and are more prone to brittle
failure, while those with a ratio greater than 0.6 have almost no ductility due to excessive
axial load [24,25]. Therefore, an axial load ratio of 0.17 was set to observe the dynamic
behavior of the specimens. The axial load ratio was calculated as shown in Equation (2).
For the test of the specimens in this study, a constant axial load of 255 kN, corresponding to
an axial load ratio of 0.17, was applied to the top of the columns using a hydraulic jack.

v =P/Agf )

Here, v is the axial load ratio, P is the axial force introduced into the reinforced concrete
columns, and Ag refers to the cross-sectional dimensions of the reinforced concrete columns.
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Figure 8. Test setup: (a) concept of the experiment, (b) loading protocol, and (c) photograph of the
test setup.

4. Experimental Results and Analysis
4.1. Crack Propagation and Failure Modes

Figure 9 illustrates the propagation of cracks in each test specimen on side 2. Flexural
cracks at the bottom of the column emerged in all specimens when the drift ratio reached
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0.75%. As the load intensified, shear cracks developed and extended, eventually leading to
concrete spalling at the bottom of the column. The experimental plan aimed to conclude
the tests when the load dropped to 80% or less of the maximum after reaching the peak
load, a point reached by all specimens at a drift ratio of 4.5%. The key initiation points
for primary cracks in each specimen are summarized in Table 2. When comparing crack
patterns among specimens with different eccentric distances, specimens NE-5 and E65-5,
both featuring a sliding slot length of 5 mm and eccentric distances of 0 mm and 65 mm,
respectively, exhibited similar patterns. In both cases, flexural cracks were distributed
evenly throughout the column with an increasing drift ratio. Shear cracks manifested at
a drift ratio of 2.2%, leading to concrete spalling in the first cycle at a drift ratio of 4.5%,
concluding the experiment. Specimen E130-5, with a sliding slot length of 5 mm and an
eccentricity of 130 mm, showed shear cracks at a lower drift ratio of 1.75%. These cracks
concentrated at the bottom of the column, resulting in concrete spalling at a drift ratio of
3.5%, prompting the conclusion of the experiment at 4.5%. Specimen NE-10, featuring
a sliding slot length of 10 mm and no eccentricity, exhibited shear cracks at a drift ratio
of 2.2%, with concrete spalling observed at the column’s bottom at a drift ratio of 4.5%.
Similarly, in specimens with a 10 mm sliding slot length and an increased eccentricity
of 130 mm, there was an acceleration in crack propagation. In these cases, shear cracks
emerged at a drift ratio of 1%, with concrete spalling observed at a drift ratio of 3.5%.

The point at which the steel links began to resist load was visually inspected, as shown
in Figure 10. Regardless of eccentricity, the steel links in specimens with a 5 mm sliding slot
length commenced load resistance at a drift ratio of 1% and experienced buckling at 2.2%.
Similarly, for specimens with a 10 mm sliding slot length, the steel links began resisting
the load at a drift ratio of 1.4% and buckled at 2.75%, showing a consistent response across
eccentricities. The point at which the steel links started resisting loads influenced the
number and width of shear cracks in the reinforced concrete columns. The difference in the
load-resisting initiation points resulted in fewer shear cracks in specimens with a 5 mm
sliding slot length compared to those with a 10 mm length.
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Figure 9. Crack propagation: (a) NE-10, (b) E130-10, (c) NE-5, (d) E65-5, and (e) E130-5.
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Table 2. Initiation of crack occurrence.
Drift Ratio (%)
Specimen Initial Shear Steel Link Concrete Terminate
Crack Crack Buckled Spalling Experiment
NE-10 0.75 22 2.75 45 45
E130-10 0.75 1 2.75 3.5 45
NE-5 0.75 22 22 45 45
E65-5 0.75 22 22 45 45
E130-5 0.75 1.75 2.2 3.5 45

(a)

(b)

Figure 10. (a) A steel link that came into contact with the end of the sliding slot and (b) the buckling
of the steel link.

Cracks significantly impacting the failure of the test specimens were shear cracks
originating at the bottom of the columns. Therefore, Table 3 presents the crack patterns
observed at the bottom of the columns from side 1 at the point of failure. While the initiation
of flexural cracks was identical for all specimens, the onset of shear cracks varied with the
length of the sliding slot and eccentric distance. An increase in eccentric distance and a
sliding slot length of 10 mm, as opposed to 5 mm, led to the earlier development of shear
cracks. The effect of eccentric distance on the timing of shear crack initiation is attributed
to the increased torsion on the specimen as the eccentric distance increases, resulting in an
increase in the number and width of cracks and a rapid propagation of existing flexural
cracks into shear cracks. The effect of sliding slot length on the crack propagation pattern,
considered at the design stage, was validated through the experimental results, affirming
the conceptual validity of the RSL system’s retrofitting strategy.

As seen in Figure 11, no loosening of bolts or deformation of steel plates in the RSL
system was observed at the termination of the experiment, suggesting that the system
functioned effectively throughout the experiment. Since no deformation occurred in the
steel plates after the experiment, the buckled and damaged steel links could be replaced
simply by releasing the high-tensile bolts attached to the slot, affirming the RSL system’s
effectiveness as a structural fuse.
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Table 3. Crack propagation.

Crack Propagation at
the Bottom of the Column

E130-10 E130-5

Variables Observed Damage

- Severe spalling of the
concrete

- As the length of the
sliding slot increases,
the number of flexu-
ral and shear cracks
increases

Sliding slot length

NE-5 E65-5

- As the eccentric dis-
tance increases, the
number of flexural
cracks decreases,
while the incidence of
shear cracks becomes
more frequent, and
the width of these
shear cracks increases
significantly

Eccentric
distance

(@)

Figure 11. RSL system after testing: (a) steel plate, (b) bolt, and (c) after removing the buckled
steel link.

4.2. Load-Displaement Relationship

Figure 12 presents the load—displacement curves for each test specimen retrofitted
with the RSL system. All specimens reached their maximum load at a drift ratio of 2.75%,
followed by a decrease in load to less than 80% of the maximum at a drift ratio of 4.5%
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due to shear cracks and concrete spalling at the bottom of the column. The maximum load
increased as the sliding slot length and eccentric distance decreased. For specimens with
a 5 mm sliding slot length, NE-5, E65-5, and E130-5, the maximum loads were 76.8 kN,
62.0 kN, and 55 kN, respectively, while those with a 10 mm sliding slot length, NE-10 and
E130-10, had maximum loads of 73.9 kN and 52.4 kN. The maximum load decreased in all
specimens as the eccentric distance increased, and the torsion also increased. Regardless of
the sliding slot length, the maximum load for specimens with an eccentricity of 130 mm
was about 70% of that for specimens without eccentricity. The maximum load for E65-5,
with an eccentric distance of 65 mm and a 5 mm sliding slot, was about 81% of that
for NE-5, which had no eccentricity. Previous research [26] showed a maximum load of
about 60% in reinforced concrete columns subjected to eccentric lateral forces compared to
columns without eccentricity. Therefore, it is evident that the RSL system effectively resists
torsion. Even with a doubling of the eccentric distance, the reduction in maximum load was
only about 10%, indicating that brittle failure was not observed despite increased torsion.
Regardless of the eccentric distance, the difference in maximum load due to the length
of the sliding slot was about 5%. While there was a tendency for the maximum load to
decrease with increasing sliding slot length, the difference was minimal. This phenomenon
likely occurred because the experiment was terminated after both the column and steel
link fully resisted the load. This suggests that the length of the sliding slot had a minimal
impact on the maximum load capacity.

Load (kN)
I

NE-5 (76.8kN, 2.75%)
o— NE-10 (73.9kN, 2.75%) 9

Load (kN)
|

—NE-10
E130-10

Displacement (mm)

Displacement (mm)

@) (b)
Figure 12. Load-displacement curves: (a) 10 mm sliding slot length and (b) 5 mm sliding slot length.

4.3. Torsional Moment versus Twist Response

In this study, cyclic load testing with eccentric lateral forces was conducted to consider
the effects of torsion on reinforced concrete columns during actual earthquakes. Based on
the experimental results, the torsional moment and twist angles were calculated, and the
relationship between them was used to analyze the seismic performance of the RSL system.
The twist and torsional moment were determined using Equations (3) and (4), respectively.
Specifically, to calculate the twist, Linear Variable Differential Transformers (LVDTs) were
installed at the top of the columns, as shown in Figure 13, and the twist was determined by
the difference in displacement measured by the LVDTs.

M; =P x £ X cosbj; 3)

0; = tan ! <A2;A1> 4)

Here, M,; is the torsional moment generated in the specimen at the i-th drift ratio, P
is the maximum load at the i-th drift ratio, £ is the eccentric distance, 6; is the twist of the
column cross section, d represents the distance between the LVDTs, and A ; denotes the
displacement value measured by the LVDTs.
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Figure 13. Measurement methods for torsional moment and twist angle of columns.

Figure 14 shows the torsional moment-twist envelopes for each specimen. As NE-5
and NE-10 had no eccentric distance and, thus, no torsion, the torsional moments and twist
angles for specimens E65-5, E130-5, and E130-10, which were subjected to eccentric lateral
loads, were analyzed. The torsional moments and twist angles at key points for these
specimens are summarized in Table 4. For all specimens, the twist angles and torsional
moments were calculated from the first cycle at each drift ratio.

Table 4. Comparison of the torsional performance of specimens subjected to eccentric lateral loads.

. E130-10 E65-5 E130-5
Point Results
+) =) +) (=) +) (=)
. Mt (kKN-m) 3.03 3.04 2.19 2.01 3.70 3.20
Initial crack
01 (degree) 0.35 —0.40 0.15 —0.24 0.30 —0.36
Mt (KN-m) 3.81 3.37 3.61 3.57 5.57 5.14
Shear crack
01 (degree) 0.50 —0.46 0.37 —0.31 0.38 —0.39
. Mt (KN-m) 5.66 5.46 3.70 3.76 6.19 5.99
Maximum
f7 (degree) 0.62 —0.56 0.41 —0.34 0.51 —0.47
L. Mt (kN-m) 4.73 4.00 2.83 3.25 4.82 4.78
Termination
01 (degree) 0.68 —0.84 0.51 —0.43 0.60 —0.54

Mr: Torsional moment, f7: Twist angle.

At all drift ratios, the torsional moments and twist angles for E130-5 and E130-10,
which had a larger eccentric distance, were significantly higher than those for E65-5. This is
attributed to the greater torsion induced in the specimens as the eccentric distance increases.
Comparing the torsional moments and twist angles of E65-5 and E130-5 at the point of
major crack initiation, the torsional moment and twist angle for E130-5 were approximately
1.7 and 2 times higher than those for E65-5 at the initial crack, 1.5 and 1.1 times higher at
the shear crack, and 1.7 and 1.2 times higher at the maximum values, respectively. After the
initial crack, both specimens showed reduced stiffness due to crack initiation, leading to a
slight decrease in the difference attributed to the eccentric distance. Subsequent reduction
occurred in the increase of twist angle with load increase as the RSL system began to resist
torsion. The reductions in torsional moment from maximum to the end of the experiment
for E65-5 and E130-5 were 80% and 70%, respectively, indicating more frequent brittle
failure due to increased torsion with larger eccentric distances.
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Figure 14. Torsional moment-twist envelopes.

In comparison of torsional moments and twist angles for specimens E130-5 and
E130-10 at the same drift ratios, E130-10 exhibited larger twist angles, suggesting a greater
torsional load in this specimen. In particular, at the point of flexural crack initiation, the
twist angle for E130-5 was 85% of that for E130-10, indicating greater torsion in E130-10,
where the steel link did not yet resist the load. After the steel link in E130-5 started resisting
the load, the increase in twist angle was restrained. At the maximum point, the twist angle
was approximately 34% higher than at the initiation of the shear crack. In E130-10, the
twist angle increased by 43% before shear crack initiation and by 24% from shear crack to
the maximum value, showing a minimal increase. These findings suggest that the steel
link effectively resisted the load and reduced torsion in the reinforced concrete column.
The minimal difference in torsional moment and twist angle at the end of the experiment
compared to the values just before the final drift ratio in specimens E65-5, E130-5, and
E130-10 suggests that retrofitting reinforced concrete columns with the RSL system could
prevent brittle failure due to torsion.

4.4. Strain

The main distinction between the RSL retrofitting method and conventional bracing
techniques lies in the movement of the steel link, attached to the bottom plate with high-
tensile bolts within a sliding slot, laterally in response to lateral displacements acting on
the column. Within the permissible displacement of the sliding bolt, the steel link behaves
elastically. When this permissible displacement is exceeded and an excessive load is applied,
the steel link is buckled. Consequently, the behavior of the RSL method varies with the
sliding slot length, which can be adjusted to enable the RSL to function effectively as a
structural fuse.

In this study, the behavior of the steel link was analyzed experimentally by observing
the strain distribution at different drift ratios using gauges attached to the steel link. The
gauges were aligned along the length of the steel link, but the analysis focused on the gauge
positioned in the middle, where the highest strain was recorded. This analysis is depicted in
Figure 15. The yield strength of the steel link was 275 MPa, and its yield strain was 1375 pe.
The deformation behavior of the steel link demonstrated a pattern across various eccentric
distances and sliding slot lengths. The steel link underwent lateral movement within the
sliding slot, initiating load resistance once the displacement exceeded the sliding slot length,
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eventually reaching the slot end. In specimens with a 5 mm sliding slot, load resistance was
anticipated to begin at a drift ratio of 0.75%. The analysis showed that deformation in the
steel link commenced at a 1% drift ratio and yielded at 2.2%. For specimens with a 10 mm
sliding slot, resistance to load started at a drift ratio of 1.4%, with deformation occurring
at this point and yielding observed at 2.75%. Specimens with a 5 mm slot yielded earlier
and exhibited a higher final strain compared to those with a 10 mm slot. The strain in the
steel link increased with the eccentric distance, a phenomenon attributed to the increased
torsion exerted on the specimens.

3000

2500

2000

Strain (ue)

—_
(o]
(=]
(=]

500 -m-NE-10 -a-E130-10 -5-NE-5
-0-E65-5 —E130-5
0
0 0751 14 2 3 4 5
Drift Ratio (%)

Figure 15. Strain of the steel link.

The visual inspection of the steel link revealed a buckling point at a drift ratio of 2.2%
for the 5 mm slot and 2.75% for the 10 mm slot, accompanied by a noticeable increase in
strain observed before these points. Given the tendency of reinforced concrete columns
to exhibit brittle behavior after the longitudinal reinforcement yields, with rapid crack
propagation in the concrete, it becomes crucial to identify the yield point of the longitu-
dinal reinforcement. Figure 16 illustrates the strain distribution along the height of the
longitudinal reinforcement from the base of the column. Across all specimens, the strain
in the longitudinal reinforcement increased from the middle to the bottom of the column,
reaching its peak at the bottom. The yield strain for the longitudinal reinforcement of
deformed bars with a yield strength of 400 MPa corresponds to 2000 e.

The RSL method is specifically designed to retrofit the expected plastic hinge regions
of reinforced concrete columns. Normally, the strain in the longitudinal reinforcement of
columns sharply increases at the bottom. However, in RSL-retrofitted specimens, cracking
and deformation were dispersed toward the middle of the column, resulting in an even
distribution of strain along the column height. In specimens with a 5 mm sliding slot, the
longitudinal reinforcement in specimens with eccentric distances of 0 and 65 mm yielded
at drift ratios of 2.75% and 2.2%, respectively, with an eccentric distance of 130 mm. For the
10 mm slot, specimens with eccentric distances of 0 and 130 mm yielded at drift ratios of
3.5% and 2.75%, respectively. All specimens exhibited an increase in strain in the upper
part of the column with increasing eccentric distance, likely attributed to increased torsion.
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Figure 16. Strain of longitudinal reinforcement. (a) NE-10, (b) E130-10, (c) NE-5, (d) E65-5, and
(e) E130-5.

Specimens with a 10 mm sliding slot demonstrated delayed yielding of the longitudinal
reinforcement compared to those with a 5 mm slot, correlated with the yielding point of the
steel link. Following the yield of the steel link, the reinforced concrete column resists the
lateral load, elevating the load on the longitudinal reinforcement. Initially, the load is borne
by the reinforced concrete column. As the lateral displacement on the column exceeds the
permissible displacement of the steel link, the link starts to bear the load. When the steel
link undergoes excessive deformation and either buckles or yields, the reinforced concrete
column once again assumes a significant portion of the load. Consequently, the RSL system
functions as a sacrificial element, effectively preventing damage to the structural elements.

4.5. Energy Dissipation

The energy dissipation capacity, a critical factor in assessing seismic performance,
refers to the ability of a structure to absorb seismic energy. The higher this capacity
is, the more it can reduce damage caused by earthquakes. This capacity is calculated
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from the area under the load—displacement curve obtained from cyclic load tests. The
cumulative energy dissipation for each specimen at different drift ratios is summarized
in Table 5. Figure 17 illustrates the normalized cumulative energy dissipation capacity at
the conclusion of the experiments, using the specimen exhibiting the highest cumulative
energy dissipation as a benchmark. In Figure 17a, the data are normalized to those of the
NE-10 specimen to investigate the effect of sliding slot length on the cumulative energy
dissipation capacity. Conversely, Figure 17b employs NE-5 as the normalization reference to
evaluate the influence of eccentric distance on the cumulative energy dissipation capacity.
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Figure 17. Normalized cumulative energy dissipation capacity: (a) effect of sliding slot length and
(b) effect of eccentric distance.
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Table 5. Cumulative energy dissipation capacity of the specimens.

Cumulative Energy Dissipation Capacity (kN-mm)

Drift Ratio
(%) NE-10 E130-10 NE-5 E65-5 E130-5
0.2 10.8 10.9 9.0 14.6 134
0.25 23.8 26.5 222 33.1 33.9
0.35 51.1 50.9 49.9 66.2 62.6
0.5 107.4 95.8 101.3 1274 128.1
0.75 222.0 209.5 214.2 262.0 255.7
1 404.1 377.1 379.4 436.5 4411
14 740.0 684.4 701.7 775.6 788.1
1.75 1180.1 1038.6 1109.0 1201.8 1201.7
22 1893.6 1591.7 1728.6 1885.7 1821.8
2.75 3153.3 2537.4 3078.5 3019.3 2924.8
35 5723.4 4611.2 5520.4 5306.6 5105.5
45 9236.1 8092.6 9143.1 8754.0 8456.6

For specimens featuring a 5 mm sliding slot length, the cumulative energy dissipations
for NE-5, E65-5, and E130-5 were 9143.1 kN-mm, 8754.0 kKN-mm, and 8456.6 kN-mm,
respectively. In the case of a 10 mm sliding slot length, NE-10 and E130-10 exhibited
cumulative energy dissipations of 9236.1 kN-mm and 8092.6 kN-mm, respectively. The
difference in cumulative energy dissipation attributable to the sliding slot length was
approximately 1% for specimens without eccentricity and around 4% for those with a
130 mm eccentricity. However, a notable reduction of 8% in energy dissipation was observed
for the 5 mm sliding slot length with increasing eccentricity, and a 12% reduction was
noted for the 10 mm sliding slot length. These findings suggest a discernible difference
in performance against torsion based on the sliding slot length. The augmentation of
eccentricity induces greater torsion on the column, resulting in numerous shear cracks,
diminishing stiffness, and reducing energy dissipation. The point at which the steel link
commences resistance against the load varies with the sliding slot length, and the degree
of damage to the reinforced concrete column before the steel link starts resisting the load
also differs. This discrepancy leads to a more substantial reduction in cumulative energy
dissipation for specimens with a delayed onset of resistance. Consequently, it is advisable
to select the appropriate sliding slot length in accordance with the design intent when
employing the RSL system as a structural fuse.

5. Conclusions

This study focused on the dynamic behavior of the Replaceable Steel Link (RSL)
system, intended to serve as a structural fuse. Cyclic loading tests were carried out on the
RSL system at sliding slot lengths, a key variable affecting its performance. The experiments
assessed the behavior of reinforced concrete columns retrofitted with RSLs under realistic
seismic loads. Torsional effects, reflecting the eccentricity of lateral forces, were also taken
into account. In essence, this study contributes to the understanding of the versatility and
adaptability of the RSL system in seismic design, specifically in its role as a replaceable
structural fuse under torsional load. It builds upon and extends the findings of previous
research. The primary conclusions drawn from the study are as follows:

(1) The RSL system exhibited significant control over crack propagation in reinforced
concrete columns. Initial flexural cracks were observed at a drift ratio of 0.75% in
all specimens. Under eccentric loading, specimens with a 5 mm sliding slot length
showed shear cracks at a drift ratio of 1.75%. In comparison, specimens with a
10 mm sliding slot length exhibited shear cracks at a drift ratio of 1%. These findings
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indicate that the sliding slot length plays a crucial role in crack propagation. After
the experiment concluded, the damaged steel link could be easily replaced, thus
confirming the feasibility of using the RSL system as a structural fuse.

(2) The maximum load capacities exhibited variations based on sliding slot length and
eccentric distance. An increase in eccentric distance resulted in a 70 to 80% change
in maximum load capacity, while the variation in maximum load due to sliding slot
length at the same drift ratio was around 10%. This finding underscores the RSL
system’s capability to effectively resist torsion. Specimens with a 5 mm slot reached
their yield strain earlier and showed a higher strain compared to those with a 10 mm
slot. This result was in line with the initial design expectations, demonstrating that
adjustment of the sliding slot length can be an effective method to regulate the yielding
behavior of a steel link.

(38) The study analyzed torsional moments and twist angles at various drift ratios, notably
at the onset of major cracks. In all specimens, there was only a minimal difference in
torsional moment and twist angle at the conclusion of the experiment compared to
the measurements just before reaching the final drift ratio. This outcome suggests that
retrofitting reinforced concrete columns with the RSL system can effectively prevent
brittle failure due to torsion.

(4) The difference in cumulative energy dissipation due to variations in sliding slot length
was marginal, ranging from 1 to 4%. However, with an increase in sliding slot length,
the difference in cumulative energy dissipation attributable to augmented eccentric
distances reached approximately 50%. This indicates a notable impact of sliding slot
length on the system’s ability to resist torsion. Consequently, it is recommended that
the length of the sliding slot be based on the specific seismic design objectives when
employing the RSL system as a structural fuse.

(5) This study investigated the behavior of reinforced concrete columns retrofitted with
the RSL system under torsional loads, highlighting the system’s potential as a struc-
tural fuse. Despite this, the complexity inherent in analyzing structural fuse systems
like the RSL is well recognized. Therefore, further research should be conducted
to develop analysis methods for RSL systems. Such research should incorporate a
range of variables, including sliding slot length, column dimensions, and material
properties, to facilitate the effective application of RSLs as structural fuses.
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