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Abstract: The effective retrofit strategy of non-seismic designed structures is required to improve the
strength and ductility. Jacketing is the most typical method which can enhance seismic resistance
capacity, but there are many disadvantages due to its enlarged jacket section. This study developed a
non-welded concrete-filled steel tube system (NoWS) which was installed using bolts in the form
of tube-type steel-encased beams and columns; the NoWS could increase the capacity of seismic
resistance strength and the ductility of members. One reinforced concrete (RC) frame specimen with
non-seismic details and one NoWS were manufactured, and cyclic loading tests were conducted until
critical failure was observed in the column after reaching maximum load. As experimental results,
the specimen retrofitted with NoWS had excellent seismic performance, showing resistance to lateral
load, effective stiffnesses, and energy dissipation capacity approximately 2-3 times greater than the
results of an RC frame specimen.

Keywords: seismic retrofitting; seismic performance; jacketing; reinforced concrete moment frame;
concrete-filled steel tubes; cyclic loading test

1. Introduction

Reinforced concrete (RC) frames without considering seismic designs are vulnerable
due to their strength, stiffness, and ductility. Therefore, these factors are generally con-
sidered when retrofitting non-seismic designed structures. Jacketing is the most typical
retrofitting method for RC structural members, and it involves either concrete jacketing,
steel jacketing, attaching a fiber-reinforced polymer (FRP) or a method using concrete-filled
steel tubes (CFSTs). In concrete jacketing, an additional cross-section is produced by placing
the rebars and pouring concrete on the outer section of the existing columns [1-3]. The
disadvantages of concrete jacketing are the integration between the existing members and
the added jacket, the need for additional rebars to ensure total integration, and the need for
drilling on beams. It also reduces the available space by increasing the size of the members,
and increases the overall cost of construction due to the limited use of the structure during
the construction period. Recently, a few studies have been conducted by Xue et al. [4] and
Faleschini et al. [5] to increase the strength and ductility of new members and reduce the
size of the jacket by using high-performance materials such as fiber. Steel jacketing is a
method of welding steel plates or steel tubes to existing members and grouting the gap
between the steel jacket and the RC members with mortar. Compared to concrete jacketing,
steel jacketing can reduce the construction period by prefabrication, although it is difficult
to work because of its heavy weight. In addition, the attached steel member can buckle.
Belal et al. [6] and Kim et al. [7] proposed optimal steel jacketing shapes and retrofit lengths,
whereas Mostafa et al. [8] proposed a lightweight prestressed steel jacket (PSJ) with good
retrofit effects. Wang et al. [9] proposed a method to enhance the seismic performance and
prevent buckling using post-compressed steel plates. The jacketing method using FRP
has been one of the most popular seismic retrofit methods of RC members over the last
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20 years, and relevant research is still ongoing [10]. In this method, FRP sheets or strips
are attached to the concrete surface with an epoxy adhesive. The strength of FRP jacketing
is high compared to its weight, and there is no need to increase the size of the concrete
members. However, FRP is relatively costly and air-voids between the FRP and the concrete
surfaces can occur. A number of studies have focused on the partial wrapping method to
save construction costs and time and prevent air-voids [11-14]. CFSTs are members filled
with concrete inside steel channels to address the above-mentioned problems of existing
jacketing. CFST members are known to have excellent seismic resistance capacity as well
as structural benefits such as stiffness, resistance, and deformation performance, because
the steel channel constrains the concrete inside [15-17]. Therefore, studies on the seismic
retrofit method using CFST have been widely conducted, and techniques about enhancing
the seismic performance have been studied, such as using carbon-fiber-reinforced polymer
composites [18]. However, there are problems related to investigating the level of damage
in concrete caused by accidental loads such as earthquakes. In addition, there are scant
data available for the effectiveness of repair and retrofitting methods for damaged steel
tubes which are jacketed in concrete [19].

A seismic retrofit method that can deal with many problems related to CFSTs was
proposed. The proposed method is to assemble the CFST member on the outside of an
existing RC frame. It does not require lots of rebar, or additional formwork. Additionally,
it is assembled outside of the structure, the structure can be available for use during
construction, and damage of existing RC frames can be investigated after earthquakes;
this method can also be used to easily repair damaged CFST members. The bonding
between the proposed CFST frames is bolting, not welding or adhesives; in this paper, the
proposed system is called non-welded CFST (NoWS). Cyclic loading tests were conducted
to investigate the seismic behavior of NoWS systems; one specimen retrofitted with the
NoWS system was manufactured.

2. Description of the Non-Welded CFST

The NoWS system is a method of bolting CFSTs to the exterior of existing RC beams
and columns, as shown in Figure 1. The CFST members consist of steel channels installed
in existing frames and filled with mortar. Their structural and seismic performance are
excellent, and construction costs can be reduced because additional formwork is not
necessary. Steel channels and connections used in the NoWS system are prefabricated, and
existing structural members are not removed. Therefore, installing CFST members is quick
and easy, while the needs of workers are reduced. In addition, this method minimizes
damage to structural members.

Retrofitted region

Existing
reinforcement
concrete frame

N

B 2 B B 2 2 2

/," @ Steel channel section
@ Cover

(3 Bolting connection

Non-welded CFST system (NoWS)

Figure 1. Non-welded CFST system (NoWS) retrofit scheme for an RC frame.
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When connecting between steel members, welding and bolted connections are gen-
erally used. The most important characteristic of the NoWS system is the use of bolts to
join the members. Welding can reduce the usage of steels, exhibits strong connections,
and there are no openings such as bolt-holes. However, welding is not the preferred
method, especially on-site due to low productivity and the need for skilled workers [20].
In addition, conventional welded connections present difficulties with quality assurance,
and connections can be detached under large deformations [21-23]. The NoWS system
uses bolts to join the members; therefore, it can maintain constant quality regardless of
the efficiency of the worker, and its additional advantages are the shorter construction
period and lower cost. The construction procedure of retrofitting using the NoWS system
is shown in Figure 2. First, the surface of an existing RC frame is cleaned (Figure 2a) and
C-shaped steel channels are attached to surface using chemical anchors. The steel channels
and covers are bolted together (Figure 2b) and mortar is injected. The cover is bolted on
(Figure 2c) and the retrofitted surface is finished off (Figure 2d).
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(©) (d)

Figure 2. Retrofitting procedure using the NoWS system. (a) Cleaning the surface of the existing RC
frame; (b) attaching the C-shaped steel channel to the surface; (c) bolting between the steel channel
and cover; (d) and finishing off the retrofitted surface.

3. Experimental Program
3.1. Specimen Descriptions

The proposed NoWS system is a seismic retrofit method using CFST with bolted
connections—not welding. Bolted connections have many advantages over welding. How-
ever, they also suffer from issues such as bolt loosening. In order to investigate the capacity
of seismic resistance and assess bolt loosening of the NoWS system, full-scaled members
were manufactured, and cyclic loading tests were conducted. Experimental results were
compared with those obtained from previous research [24] which explored the CFST seis-
mic retrofit method using welding. Therefore, details of specimens and test setup were
the same as in previous research [24]. In this experiment, the non-retrofitted reinforced
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concrete moment frame specimen is named ERC (existing reinforcement concrete), and
a specimen that was applied with the NoWS system is named NoWS. Each specimen
consisted of two columns, beams, and a foundation. The reinforced concrete frame was
chosen as a benchmark structure which had dimensions and reinforcement details similar
to a typical elementary school built between 1980 and 2000 in Korea. The exterior elevation
and benchmark structure are shown in Figure 3; the target span in Figure 3 was a span
located on the exterior first floor and referenced to manufacture specimens. The size of
the members and details of the reinforcements are given in Table 1. The beam dimen-
sions were 250 mm x 450 mm x 3200 mm, and the column dimensions were 350 mm X
500 mm x 2850 mm. The benchmark material properties were obtained by drawing. The
specimens were fabricated based on material properties of the benchmark structure; the
compressive strength of concrete was 21 MPa. Longitudinal reinforcements and transverse
reinforcements with yield strengths of 400 MPa were used, and steel channels with a
yield strength of 275 MPa were used in CFST members. The compressive strength of the
mortar which was injected in steel channels was 24 MPa. The drawings of each specimen
are shown in Figures 4 and 5. Installation of the CFST frame in the NoWS specimen is
shown in Figure 6. First, the finishing materials on the surface of the existing RC frame
were removed (Figure 6a). After drilling for attaching steel channels to the outside of the
columns, chemical anchors were constructed to integrate with existing concrete (Figure 6b).
After bolting the covers onto the steel channels (Figure 6¢), mortar was injected (Figure 6d).
It took five days to install the CFST frame. Compared to welding [24], the construction
period was shortened by about twofold when using bolted connections.
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Figure 3. Benchmark structures. (a) Exterior elevation; (b) floor plan (mm).
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Table 1. Lists of members.
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Figure 4. Drawing of the ERC specimen (mm). (a) Front view; (b) vertical cross-section.
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Figure 5. Drawing of CFST attached to the NoWS specimen (mm). (a) Vertical cross-section; (b) horizontal cross-section;
(c) connection with bolting.
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(d)

Figure 6. Process of attaching the CFST frame to the NoWS specimen: (a) Demolishing the finishing materials; (b) installation

of the steel channel section; (c) bolting of the steel channel and cover; (d) injecting mortar into the steel channel.

3.2. Experimental Setup and Loading Procedure

Each specimen was set up as shown in Figure 7. A hydraulic actuator with a maximum
load of 2000 kN was installed between the reaction wall and the specimen. To apply load
in the negative direction, a jig with a steel rod was attached to the loading surface on the
opposite side of the actuator. To resist torsion caused by lateral load, a ball jig was set in
the middle of the column. The loading method was referenced to the load protocol given
in ACI 374.1 [25], which states that the initial drift ratio should be within the range to
confirm the linear elastic behavior, the subsequent drift ratio should not exceed 0.25%, and
the subsequent step should not be too large or too small. The loading should be repeated
three times for each drift ratio. In this experiment, the loading was repeated three times for
each drift ratio, as shown in Figure 8, and the drift ratio was set to increase gradually from
0.1% to 6%, which was 171 mm in deformation. In order to take into account the loading
conditions of the benchmark structure shown in Figure 3, a 500 kN axial force was loaded
onto both columns, each using a hydraulic jack with a maximum load of 1000 kN; the
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allowable load of the school suggested by the Korean Design Standards [26] was considered
as the axial load. To measure the deformation of the reinforcements, concrete, and CFST
frame when the lateral load was applied to the specimen, strain gauges were located in the
columns, as shown in Figure 9.

Reaction wall
Lateral Load Actuator

/

<+<—— Hydraulic Jack

Specimen

4=

Positive Negative
loading loading

)

Ball Jig
for resisting torsion

(a) (b)

Figure 7. Cyclic loading tests: (a) concept of experiment; (b) photograph of test setup.
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Figure 8. Loading protocol of the cyclic loading test.
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Figure 9. Location of gauges.

4. Results of Cyclic Loading Test and Discussions
4.1. Propagation of Cracks

Cracks which appeared in specimens are shown in Table 2. In the ERC specimen,
cracks occurred initially on the end of the column at a drift ratio of 1%. In addition, some
cracks in the joints of the lower beam and column were developed. According to increasing
load, initial cracks constantly propagated, and shear cracks occurred on the bottom of
the columns. When the drift ratio was 1.5%, concrete spalling began to be observed.
Subsequently, at a drift ratio of 2%, shear cracks in the columns were gradually formed.
In the first cycle, at a drift ratio of 2.5%, the experiment was terminated due to critical
failure caused by shear cracks; the concrete was severely spalled from the bottom of the left
column and the rebar was buckled. The NoWS specimen showed similar behavior to the
ERC specimen up to the 1.5% drift ratio. As a drift ratio reached 2%, diagonal cracks were
formed in the columns, and as the cycle repeated, shear cracks at the bottom of the columns
progressed towards the upper part of the column. Concrete spalling began to occur in
the bottom of the right column as cracks in the bottom increased as the drift ratio reached
2.5%. Upon repeated cycling, the shear cracks at the bottom of the left column significantly
progressed, and the experiment was terminated. Bolt loosening or deformation from the
CFST were not observed. The crack propagations in each specimen are shown in Table 3.

4.2. Load-Displacement Curve and Strain Behavior

Figure 10 illustrates the hysteresis loops, and Figure 11 shows envelope curves of
each specimen under cyclic loading. In the ERC specimen, the applied lateral load reached
a maximum load of 322 kN, and in the negative direction, the load reached 314.2 kN at
a drift ratio of 2%. After that, the load was reduced with progressing shear cracks and
exhibited concrete spalling. In the first cycle of a 2.5% drift ratio in the positive direction,
the maximum load was decreased to 311.4 kN and the experiment was terminated. In the
initial drift ratio, the load-bearing capacity of the NoWS specimen was 1.7 times greater
than that of the ERC specimen, and this gradually increased according to the drift ratio. At
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the 2% drift ratio, when the experiment on the ERC specimen ended due to shear failure,
the resistance of the NoWS specimen was 2.7 times greater than that of the ERC specimen.
In the NoWS specimens, the experiment was terminated at a 2.5% drift ratio, and the
load was 924.32 kN in the positive direction and 853.61 kN in the negative direction. This
confirmed that the proposed seismic retrofit method effectively enhanced the strength of
the existing RC structure. According to results from previous research, the load-bearing
capacities of the specimen using welding were 1.9 times greater initially and 2.8 times
greater when the experiment terminated than those of the existing RC structure [24]. It was
demonstrated that there was no difference in structural performance between welding and
bolting connections. Table 4 summarizes the experimental results.

Table 2. Cracks which appeared in the specimen according to the drift ratio.

. . Specimens
Drift Ratio (%)
ERC NoWS
15 A N y“ J:/,P
Pe ’ \
{ A \

- y f )
2.0 7 ﬁ Y {5

2.5

N -
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Table 3. Crack propagation.

Crack Propagation
Location Observed Damage
ERC NoWs
-Severe spalling of the concrete and
bending of the lateral reinforcement in
Lower

beam-column joint

the ERC;
-No buckling deformation or separation
of the CFST frames occurred, and no bolt
loosening in the NoWS.

Left column

-Severe concrete spalling occurred at the
end of the column.

Load (kN)
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(b)

Figure 10. Load—displacement curves: (a) ERC; (b) NoWS.
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Figure 11. Envelope curves.
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Table 4. Summary of experimental results.

Load According to Direction (kN) Load Ratio of NoWS to the
Drift Ratio ERC NoWs ERC
Positive Negative Positive Negative Positive Negative

0.1 67.70 —59.47 99.88 —110.75 1.48 1.86
0.25 134.25 —123.20 229.64 —238.9 1.71 1.94
0.5 201.80 —187.75 402.39 —402.34 1.99 2.14
0.75 248.33 —231.71 543.69 —533.64 2.19 2.30
1.0 283.10 —265.51 656.53 —637.56 2.32 2.40
15 323.96 —308.32 826.84 —790.96 2.55 2.57
2.0 332.00 —314.21 911.77 —863.17 2.75 2.75
2.5 311.39 - 924.32 —853.61 2.97 -

The strain at the end of each column measured by the cyclic loading tests is presented
in Figure 12. In Figure 12, the horizontal lines show the ultimate compressive strain or
yield strain. When initial cracks were formed at the end of the column, the concrete strain
reached the ultimate compressive strain of 0.003. However, the NoWS specimen did not
exceed the ultimate compressive strain, because the CFST frame absorbed seismic energy.
The longitudinal steel and hoop in the columns of both specimens yielded drift ratios of
1.5% and 2%, respectively. In the NoWS specimen, the strain increased gradually after
the yield of the rebar, but in the ERC specimen, the strain of the rebar and hoop increased
rapidly in the third cycle of the 2% drift ratio. In the ERC specimen, deformation in
the rebar and hoop was significant progress, because the concrete exceeded the ultimate
compressive strain. The strain of the CFST was less than 10% of the yield strain of 0.001375,
which was considered to cause little deformation of the CFST.

8000 || — gRC

7000 || - - -NoWS

6000

3000 ultimate compressive

4000 strain of concrete

3000

Strain (107%)

2000

1000

—1000
0.1 025 0.5 0.75 1.0 15 20 25

Dirift ratio (%)

(a)

5000

— ERC

4000 —— - NoWS

3000 yield strain of
longitudinal steel

2000

1000

Strain (10~%)

—1000

—2000

0.1 0.25 0.5 0.75 1.0 15 2.0 2.5
Drift ratio (%)

(b)
Figure 12. Cont.
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Figure 12. Strain responses of specimens: (a) Strain of concrete; (b) strain of longitudinal steel;
(c) strain of hoop; (d) strain of the CFST frame.

4.3. Comparison of Effective Stiffness

The effective stiffness was determined to assess the seismic performance of each
specimen [27], as shown in Figure 13. To obtain effective stiffness from the experimental
results, slopes of the maximum load and displacement were estimated in both directions.
The effective stiffness values at each drift ratio for each specimen calculated by this method
are shown in Table 5. For the ERC specimen, which was not seismically retrofitted, the
effective stiffness was initially 22.31 kN/mm, and this declined by about 24% to the drift
ratio of 1%, because cracks began to form. For the NoWS specimen, the initial effective
stiffness was 36.95 kN, about 1.7 times greater than that of the ERC specimen. This was
subsequently reduced by about 10% to the drift ratio of 1%, where an initial crack occurred,
and by 22% to a drift ratio of 2.5%. When the critical failure was observed, NoWS was
twice the effective stiffness than that of ERC. This confirmed that the effective stiffness
of the NoWS system increased significantly compared to the existing RC frame, and the
effective stiffness decreased more gently after the crack occurred.
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* Displacement
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K : Effective stiffness

P*: Maximum load in positive loading

P~: Maximum load in negative loading

D*: Maximum displacement in positive loading
D™ : Maximum displacement in negative loading

Figure 13. Calculation of effective stiffness.

Table 5. Effective stiffness estimated from the experimental result.

Values of Effective Stiffness (kN/mm) Effective Stiffness Ratio
Drift Ratio (%)
ERC NoWS of ERC to the NoWS

0.1 22.31 36.95 1.66
0.25 18.07 32.88 1.82
0.5 13.67 28.24 2.07
0.75 11.23 25.20 2.24
1.0 9.62 22.70 2.36
15 7.40 18.92 2.56
2.0 5.67 15.57 2.75
2.5 - 12.48 -

4.4. Energy Dissipation

Energy dissipation capability is a fundamental value to assess seismic resistance capac-
ity, it being a structure’s ability to absorb seismic energy. The energy dissipation capacity
is evaluated as the sum of the areas in the load—displacement curve of the specimen. The
energy dissipation capability for each specimen is shown in Table 6. Figure 14 shows the
difference between the energy dissipation capacities at previous drift ratios. The ERC
specimen showed an energy dissipation of 190.49 kN-mm with a drift ratio of 0.1%, which
increased by about eighteen times at the 0.75% drift ratio to 3575.80 kN-mm. The NoWS
specimen also increased, by about twenty times, from 324.47 kN-mm to 6423.29 kN-mm.
The reason for the large increase in energy dissipation from the 0.75% drift ratio for both
specimens was that the amount of seismic energy dissipated by the structure surged be-
cause initial cracks were observed at the drift ratio of 1%. For the NoWS specimen, the
energy dissipation was 1.7 times greater at the 0.1% drift ratio compared to the ERC, and
this gradually and steadily increased to about 2.5 times greater at the drift ratio of 2%. This
confirmed that the NoWS system was effective in improving seismic performance by sig-
nificantly dissipating the seismic energy compared to the existing RC frame. These results
were very similar to the results of previous studies which dealt with welded connection [24];
it indicated that the NoWS system was connected well without bolt loosening.
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Table 6. Energy dissipation capability in each specimen.

Energy Dissipation (kN-mm) Ratio of NoWS to
Drift Ratio (%)
ERC NoWS the ERC
0.1 190.49 324.47 1.70
0.25 436.75 729.5 1.67
0.5 1398.96 2386.22 1.71
0.75 3575.80 6423.29 1.80
1.0 7532.15 14,189.65 1.88
1.5 15,679.67 30,604.35 1.95
2.0 29,543.71 60,392.80 2.04
25 - 109,043.16 -
60,000
£)
g 50,000
]
o
-2 40,000
i3
i 30,000
=]
g
2 20,000
s
E -~ ERC
3 10,000
© —o—NoWws
0
0 0.5 1 15 2 2.5 3
Drift ratio(%)

Figure 14. The difference between energy dissipation at the various drift ratios.

5. Conclusions

In this study, the NoWS system, which uses CFST frames, has been proposed to
improve the existing seismic retrofit method for RC moment frame structures. To assess
the effects of seismic retrofitting, one non-retrofitted ERC moment frame specimen and one
retrofitted specimen using NoWS were manufactured, and a full-scale cyclic loading test
was conducted. The main conclusions of the study are as follows:

(1) All test specimens had cracks, which were observed at the end of columns when
the drift ratio reached 1%, and numerous cracks in the beam—column joints and columns
developed at subsequent drift ratios. As the lateral load increased, initial cracks propagated
and shear cracks in the columns increased, resulting in concrete spalling; the experiment
was terminated at a drift ratio of 2.5%. In the ERC specimen, the column rebar buckled as
the width and the number of cracks increased rapidly after shear cracks were observed
in the columns. In the NoWS cracks, unlike in the ERC, only a few shear cracks could be
observed. Bolt loosening, deformation and separation of steel channel were not observed.

(2) In ERC and NoWS specimens, the applied lateral loads reached maximums of
332 kN and 924.32 kN in the positive direction, respectively, and —314.2 kN and —863.17 kN
in the negative direction, respectively. This confirmed that retrofitting with the NoWS
system increased the resistance to lateral loads by approximately three times compared to
the ERC. The NoWS system can therefore be considered an effective seismic retrofit method
for increasing the strength of existing RC frames.

(3) In columns, the concrete of the ERC specimen exceeded the ultimate compressive
strain when initial cracks were observed. In the longitudinal steel and hoop, all of the
specimens yielded at 1.5% and 2% drift ratios, respectively. For the NoWS specimen, the
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strain increased gradually after the yield of the rebar and final failure occurred, whereas
the strain in the ERC specimen increased dramatically. This demonstrated that the NoWS
retrofit method could evenly distribute the stress concentrated on a specimen column and
increase the resistance capability for lateral load.

(4) The NoWS system was found to have twice the effective stiffness compared to
the non-retrofitted ERC specimen. The effective stiffness of each specimen reached 50%
of its initial stiffness at the 0.75% and 1.5% drift ratios, respectively. This confirmed
that the NoWS system retrofit method could increase the effective stiffness of a speci-
men. The NoWS system had twice the energy dissipation capability of the non-retrofitted
ERC specimen.

(5) Experimental results were very similar to the results of previous studies which
dealt with welded connections, which indicated that the NoWS system was connected well,
without bolt loosening. Thus, the seismic retrofit method by the NoWS system can address
many disadvantages of welding, and is effective in enhancing specimen strength, making
it effective in improving the seismic capacity by dissipating seismic energy significantly
compared to ERC structures.
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