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Abstract: This study proposes a concrete-filled tube composite strengthening system (CCSS), which
is a new concept that can improve and supplement the vulnerability of existing CFT seismic strength-
ening methods. The CCSS seismic reinforcement method is easy to construct and integrates with
the existing frame and reinforcement. It is one of the seismic strengthening methods that allows
the simple calculation of the required amount of seismic reinforcement and can efficiently increase
the strength when applied to existing reinforced concrete (R/C) buildings with non-seismic details
dominated by shear failure. To examine the seismic safety of the proposed CCSS, two framework
specimens were prepared based on an existing R/C building with non-seismic details. A pseudo-
dynamic test was conducted on the unreinforced framework specimen and the framework specimen
reinforced with CCSS to verify the seismic strengthening effect of applying CCSS to the existing
R/C framework, i.e., in terms of the load-displacement characteristics and seismic response control
capability. Based on the pseudo-dynamic test results, restoration of the force characteristics was pro-
posed for the nonlinear dynamic analysis of the building reinforced with CCSS. Nonlinear dynamic
analysis was conducted based on the proposed restoration of the force characteristics, and the results
were compared with the pseudo-dynamic test results. Finally, for the commercialization of CCSS,
nonlinear dynamic analysis was conducted on the existing whole R/C building with non-seismic
details that was reinforced with CCSS. The seismic strengthening effect was then verified by examin-
ing the seismic response load, displacement characteristics, and the degree of seismic damage to the
members based on the ductility ratio before and after seismic strengthening. The study results show
that under a design basis earthquake with a magnitude of 200 cm/ s2, the unreinforced R/C building
exhibits shear failure, and light seismic damage is expected on the CCSS-reinforced building.

Keywords: reinforced concrete; CFT; composite strengthening; seismic performance; pseudo-dynamic

test; nonlinear dynamic analysis

1. Introduction

In recent years, large earthquakes, including the 2023 earthquake in Kahramanmaras,
Turkey, have been occurring around the world, causing a sharp increase in seismic damage
to buildings and human casualties. Seismic damage has also increased in Japan, China, and
Taiwan (countries close to the Korean Peninsula) owing to large earthquakes, confirming
that Korea can be directly or indirectly affected by earthquakes. The 2016 Gyeongju
earthquake and the 2017 Pohang earthquakes showed serious issues in the seismic safety of
various facilities in Korea, particularly buildings. They demonstrated that the occurrence
of large earthquakes is highly likely and may result in national disasters. During the 2016
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Gyeongju earthquake, the scale of the seismic damage to buildings was small except for
the seismic damage to non-structural members, including the columns of some buildings
(e.g., schools and apartments) located near the epicenter. However, the 2017 Pohang
earthquake caused serious seismic damage to school buildings and new pilot structures
without seismic reinforcement, as shown in Figure 1 [1]. Among them, the shear failure of
reinforced concrete (R/C) columns with insufficient shear reinforcement is currently an
important topic for seismic safety design in Korea.

(School building) . (School building) (Pilot building)

Figure 1. Shear damage on R/C columns after the 2017 Pohang Earthquake [1].

Therefore, owing to the increasing magnitude and frequency of earthquakes world-
wide, it is important to develop economical and effective seismic strengthening methods
that can ensure the seismic safety of buildings vulnerable to earthquakes, particularly R/C
buildings without seismic design, which are susceptible to shear failure in the columns.
This can reduce property damage and human casualties caused by the destruction of build-
ings during a large earthquake. In addition, seismic strengthening should be performed
using efficient and economical methods.

Meanwhile, representative seismic strengthening methods for existing R/C buildings
without seismic reinforcement include strength reinforcement methods (the R/C wall
installation method, section enlargement method, and steel brace method), deformation
capacity improvement methods (the steel-plate reinforcement method, wire-mesh insertion
reinforcement method, and fiber-reinforced polymer (FRP) reinforcement method), meth-
ods for improving the energy absorption capacity using seismic damping systems, and
seismic isolation methods [1-10].

According to [11,12], shear failure is highly likely to occur in most low- and mid-rise
R/C buildings without seismic design because the interval of the stirrups in the columns is
approximately 30 cm or more. Moreover, because the horizontal load-carrying capacity is
also insufficient, the use of a single seismic strengthening method to enhance the ductility
is inefficient. Therefore, the strength enhancement method is more efficient and economical
for securing the seismic safety of buildings.

Currently, the major seismic strengthening methods include adding infill shear walls
in the framework, installing various types of steel braces (e.g., V-type, K-type, and X-type)
inside the framework, inserting steel panels and precast concrete panels in the framework,
and employing bonding methods inside the framework (e.g., the section enlargement
method). Although internal-bonding seismic strengthening methods are effective for
increasing the horizontal strength of buildings [2—4], they increase the weight of buildings.
In particular, buildings with weak foundations, such as R/C buildings with non-seismic
features, may require foundation reinforcement owing to the weight increase. It is also
difficult to prepare a workspace for seismic strengthening owing to the limited available
space. For the seismic wall installation and steel brace methods, which are widely used
methods, additional transport locations and internal work space for the reinforcement are
required. In this case, it is disadvantageous because the space available for reinforcement
construction is reduced. In addition, the available space is limited and the efficiency is
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lower because it is difficult to secure space during strengthening work, and the seismic
strengthening construction period is highly likely to be elongated for maintaining the
integrity of the existing framework and internal joints and for securing the demand for a
high construction accuracy [4].

To address these problems, it is necessary to develop construction methods that are
suitable for investigating the seismic structural characteristics (e.g., shear failure type
and low ultimate strength) of existing low- and mid-rise R/C buildings without seismic
reinforcement and that can maintain the integrity of the existing structure and seismic
reinforcement. In addition, new internal-bonding seismic strengthening methods that
enable efficient space utilization should also be developed.

A concrete-filled tube composite strengthening system (CCSS), which is a new concept
that can improve and supplement the vulnerability of existing seismic strengthening
methods, is proposed in this study. The CCSS method has excellent joint constructability
between the existing framework and reinforcement. It is one of the seismic strengthening
methods that can allow the simple calculation of the required seismic reinforcement volume
and can efficiently increase the strength when applied to the existing R/C buildings with
non-seismic features dominated by shear failure.

As shown in Figure 2, to examine the seismic safety of the proposed CCSS,
two two-story framework specimens were prepared based on an existing R/C building
with non-seismic features. A pseudo-dynamic test was then performed on the unrein-
forced two-story framework specimen and the two-story framework specimen reinforced
with CCSS to verify the seismic strengthening effect of applying CCSS to the existing
R/C framework, i.e., in terms of load—displacement characteristics and seismic response
control capability. The force characteristics were restored based on the pseudo-dynamic
test results to allow the nonlinear dynamic analysis of the building reinforced with CCSS
(framework specimen) and the restoration force, and the results were compared with the
pseudo-dynamic test results. Finally, for the commercialization of CCSS, nonlinear dy-
namic analysis was conducted on the existing R/C building with non-seismic features
reinforced with CCSS. The seismic strengthening effect was then verified by examining the
seismic response load, displacement characteristics, and the degree of seismic damage to
the members based on the ductility ratio before and after seismic strengthening.

[ Pseudo-dynamic test ] [ Nonlinear dynamics analysis ]

Development and proposal of CCSS
seismic reinforcement method

Modeling of restoration force
characteristics

v

A 4

Design and production of two-story
frame specimen

Establishiment of analysis model before
and after reinforcement

v v
Pseudo-dynamic test of two-story Comparison of the pseudo-dynamic test
frame and nonlinear dynamic analysis
v v

Verification of strengthening effect of
seismic retrofitting method using
CCSS by pseudo-dynamic test

Verification of strengthening effect of
seismic retrofitting method using CCSS
by nonlinear dynamics analysis

!

A 4

p

Evaluation of the seismic strengthening design method and seismic
| performance of the R/C building reinforced using the CCSS method |

v

‘ Verification of the seismic performance of existing non-reinforced R/C building |

v

‘ Calculation of optimal reinforcement amount for CCSS seismic reinforcement method |

v

‘ Nonlinear dynamic analysis results before and after seismic strengthening |

Seismic safety verification and commercialization of CCSS
reinforcement method

Figure 2. Flowchart of the research performed in this study.
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2. Overview of the CFT Composite Strengthening System

The reinforcing bar/chemical anchor method is widely used for the internal bonding
of the existing framework and the seismic strengthening frame. The ductility of concrete at
joints is insufficient, and cracking in concrete is inevitable in the event of an earthquake.
Since seismic load transmission to seismic strengthening devices is blocked by cracking, it
is difficult to expect effective seismic strengthening effects through the integrated behavior
of the existing structure and seismic strengthening devices [3,4].

The existing CFT reinforcement method consists of a steel tube by integrating the C-
channel into the existing R/C framework through a chemical anchor method and welding
another C-channel. In this case, a welding process is added, constructability is reduced,
and if the surface of the existing R/C frame is not flat, it is difficult to secure joint integrity
between the two C-channels. The proposed CCSS supplements and addresses the short-
comings of the existing chemical anchor method, i.e., the problem of securing joint integrity.
It increases strength by directly bonding the reinforcement in the form of a frame to the
existing R/C structure, as shown in Figure 3. It innovatively improves the constructability
and integrity of the joints between the existing R/C framework and reinforcement. CCSS
consists of a reinforcement part, a joint, and a filling part. The reinforcement part is com-
posed of the existing R/C structure and CFT frame, and the joint is composed of chemical
anchors and high-performance epoxy. The filling part is composed of non-shrink mortar.

L))

ARREN

i

Figure 4 shows the connection details of the CCSS method. The CFT frame is
bonded to the existing R/C structure (column and beam) using chemical anchors and
high-performance epoxy, and non-shrink mortar is injected to integrate the seismic rein-
forcement with the existing R/C structure. The construction procedure shown in Table 1 is
as follows.

11

Figure 3. Detailed diagram of the CCSS strengthening system.
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Figure 4. Details of the connection between the CCSS system and existing column.

(1) Boring holes for anchor bolts in the existing structure (i.e., column and beam members);
(2) Fixing the position of the CFT frame for seismic strengthening;

(3) Installing the CFT frame using chemical anchors and high-performance epoxy;

(4) Injecting non-shrink mortar and finishing.

Table 1. Construction procedure of the CCSS strengthening system.
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Table 1. Cont.

Sequence Construction Procedure
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> RC frame
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Installing of CFT frame using chemical
anchor and high-performance epoxy

H
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anchor (M16) “
X

:ﬂz- =» Non-shrink mortar

Injection of non-shrink mortar
and finishing

H
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High performance <
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3. Experiment Overview
3.1. Material Properties

The design concrete strength of the pseudo-dynamic test specimens is 21 MPa and was
selected based on the average strength of the three specimens. The corrected value of the
standard specimen is 97% of the measured compressive strength, and the 28-day average
concrete strength is 21.6 MPa. One reinforcing bar type (SD400) was used in the specimens,
D19 and D16 were used as the main reinforcements for the R/C columns, and D10 was
used as the hoop. To investigate the material properties of the reinforcing bars, three tensile
specimens were prepared for each reinforcing bar in accordance with KS B 0801 [13], and
the tensile test was conducted at a loading rate of 5 mm/min using a universal testing
machine (UTM). Based on the test results, the average yield and tensile strengths are 495
and 745 MPa for D19 and D16 and 472 and 702 MPa for D10.

3.2. Specimen Overview and Variables

To verify the strengthening effect of CCSS, the framework of an existing three-story
R/C school building built in the 1980s with non-seismic features was selected, as shown in
Figure 5 [14]. The building has a floor height of 330 mm, seven spans (4500 mm per span) in
the longitudinal direction, and two spans (7500 mm x 2700 mm) in the transverse direction.
Its design concrete strength is 21 MPa, and the target of the pseudo-dynamic test is the
one-span two-story framework inside the external frame of the actual R/C building. The
beams of the target framework were prepared as T-shaped beams based on KDS 41 [15]
and considering the effective slab width. Table 2 shows the variables of the specimens.
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A frame selected for the pseudodynamic test

(@)

8@4500 Unit: mm

2700

7500

IﬂFI Y3

X1 X2 X3 X4 X5 X6 X7 X8 X9

——e A frame selected for the pseudodynamic test

(b) (o)

Figure 5. Selected R/C building and frame for the pseudo-dynamic testing: (a) front view; (b) planar
view; (c) isometric view.

Table 2. Summary of the specimen details.

Specimens Test Methods Strengthening Types Earthquake Levels (cm/s?)
PD-FR Pseudo-dynamic Non 200
PD-CCSS Pseudo-dynamic CCSS 200/300/400
PD: Pseudo-dynamic test
. FR FR: R/C frame without strengthening
Notation PD CCSS CCSS: R/C frame strengthened using the CFT

composite methodology

Figures 6 and 7 show the reinforcement details and photographs of the R/C framework
of the target building and the specimen reinforced with CCSS. The pseudo-dynamic test was
performed on two specimens, including an unreinforced specimen and a CCSS-reinforced
specimen for comparison. For the input ground motions used in the pseudo-dynamic test,
Hachinohe (EW) exhibited the highest seismic response ductility ratio and was selected
based on the research results of Lee [16] to determine the seismic response ductility ratios
of the 10 historical seismic waves selected using R/C buildings with less than six stories.
The seismic acceleration was normalized to 200, 300, and 400 cm/s? for the Hachinohe (EW)
seismic waves, and 200 cm/s? (design basis earthquake, DBE) and 300 cm/s? (maximum
considered earthquake, MCE) are the accelerations of two-thirds of the 2400-year return
period earthquake and the 2400-year return period earthquake corresponding to seismic
zone-1 and ground type S4 in KDS 41 [15], respectively. Additionally, 400 cm/s? was
selected to evaluate the seismic performance of CCSS in the event of a large earthquake. For
the axial force, the axial load applied to the two actual columns (framework), i.e., 1000 kN,
was divided, and an axial load of 500 kN was applied to each column.
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Figure 6. Detailed configuration of the control specimen (PD-FR): (a) rebar arrangement; (b) photograph.
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Figure 7. Detailed configuration of the specimens strengthened using the CCSS system (PD): (a) rebar
arrangement; (b) photography.

3.3. CCSS Joint Design

The joint type, embedment depth, and anchor spacing for CCSS were determined
based on the anchor equations provided by JBDPA [3]. The joint was designed considering
only 40% of the ultimate strength of a single anchor to retain the integrated behavior and
ensure the safety of the existing R/C framework and reinforcement frame. The anchor
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design results for the CCSS method are shown in Table 3. The pseudo-dynamic test
specimen reinforced using the CCSS method in Figure 7 was prepared based on a joint with
the design details listed in Table 3.

Table 3. Results of the joint anchor design using the CCSS method.

Members Member Length \Y% N¢ ZP ¢ EVanchor © Safety Factor
g anchor (kN) (KN)
Beam LB? 20 257.1 523.2 2.0
26.16
Columns LCP 18 216.5 470.9 22

2 Lp: beam length; b Lc: column length; ¢ N: number of anchors; d ¥ P: lateral load capacity of the frame;
¢ XVanchor: shear capacity of installed anchors.

The shear force that can act on the existing R/C frame was calculated for columns
and beams through the equation in Section 6.1, which will be described later, and XP in
Table 3 was calculated. Based on XP, the quantity of anchors was determined considering
a strength of 40% of the ultimate strength of a single anchor. Joint connection anchors
with a diameter (D) of 16 mm and a spacing of 300 mm were arranged in double layers,
and 20 and 18 anchors were used in each beam and column, respectively. The strength of
the joint was found to be approximately 2.0 times higher than the lateral strength of the
reinforcement frame along the beam length (L) and 2.2 times higher along the column
length (Lc). The proposed CCSS method, when applied to the existing R/C framework, is
expected to resist seismic loads through an integrated behavior.

4. Pseudo-Dynamic Test System
4.1. Overview of the Pseudo-Dynamic Test

The test methods used to investigate the nonlinear response of a building to earth-
quakes can be mainly divided into the shaking table test and the pseudo-dynamic test,
which includes the cyclic loading test [17]. The shaking table test is a very efficient tech-
nique for evaluating the response of a building to earthquakes. Because the size and weight
of a structural specimen are limited by the size and capacity of the shaking table, scale
models of the specimen are mostly used. This size reduction leads to a similarity problem
with the actual building.

Consequently, owing to the limitations caused by the size reduction, the cyclic loading
test wherein the load and displacement were controlled was used to evaluate the nonlinear
structural behavior of actual buildings. The pseudo-dynamic test was proposed by com-
bining the benefits of the cyclic loading and shaking table tests [18]. It is an experimental
method that combines structural testing with numerical integration-based dynamic analy-
sis. It consists of a numerical calculation part using a computer and a specimen loading
part via structural testing. In the numerical calculation (computer), the equation of motion
is calculated using the numerical integration method and based on the seismic response
of the structural specimen to its displacement, which was measured under loading, input
seismic acceleration, and seismic response in the present step to calculate the displacement
for the seismic response in the next step.

The calculated seismic response displacement was applied to the structural specimen
using an actuator to measure the displacement owing to loading. By repeating the above
procedure, the seismic performance of the target building specimen was evaluated by
applying the response displacement of an earthquake that is similar to the structural
specimen and calculating the seismic response (displacement, velocity, and acceleration)
using a computer.

The pseudo-dynamic test is similar to the cyclic loading test, excluding the fact that
the seismic displacement to be applied to the building is determined during the test
via numerical integration using an analytical method. In general, the restoration force
characteristics of the building must be assumed during the calculation of the seismic
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response using nonlinear dynamic analysis. However, the pseudo-dynamic test may have
very similar effects to the actual seismic response characteristics when the restoration force
of the specimen is directly measured.

4.2. Pseudo-Dynamic Test System

Figure 8 shows the method and pseudo-dynamic specimen setting of the pseudo-
dynamic test system used to evaluate the seismic performance of the CCSS method devel-
oped in this study. The pseudo-dynamic test conducted in this study can be modeled as a
two-degree-of-freedom system, as shown in Figure 8. It consists of a numerical analysis
part that is based on the input seismic wave from the control computer and the loading part
of the structural specimen. The seismic response displacement calculated in the pseudo-
dynamic test was applied to the specimen by two lateral actuators. The restoration force of
the framework is measured mechanically during structural testing and used by the control
computer to determine the seismic response displacement.

Lateral load applied
LVDT

in 2k Iteration

[ Axial load applied

Constant

= __"-l For lateral load

| LU W

Al | g B8 &

For axial load

Numerical calculation

(1) Step i=i+1 Displacement

(2) Input of earthquake wave : applied to specimen

(3) Calculation of resp displ (G —————— .

(4) Calculation of resp locity €€ === Measiurement of restoring
and acceleration Force of specimen

e

Figure 8. Proposed pseudo-dynamic testing system.

Data conversion was performed using analog to digital or digital to analog converters [19].
In the pseudo-dynamic test, the seismic response was numerically calculated using the
closed-loop control system. For the analysis by the control computer and numerical in-
tegration, the pseudo-dynamic testing program developed by MTS [20] was used. In
the loading test, the seismic response in the next step was calculated using the equation
of motion shown in Equation (1), and based on the numerical integration method, the
restoration force of the framework specimen owing to the displacement measured using a
displacement meter (LVDT) and the seismic response value in the current step, including
the input seismic acceleration.

My(t) + Cy(t) +r(#)[= Ky(t)] = —Myo 1)
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where M, C, and K are the mass, damping, and stiffness matrix of the structure, respectively,
y is the relative displacement vector of each foundation layer mass, r is the restoration force
vector, and ¥ is the input ground acceleration.

The a-method [21] was used for the numerical integration of the equation of motion.
Equations (2)-(4) show the algorithms for the numerical integration of the pseudo-dynamic test.

Mlll'+1 + (1 + 0()CU,‘+1 - tXCUl‘ + (1 + 0() — Qr; = (1 + 0()fi+1 - tXfl‘ (2)
5 /1

Yir1 = Yi+ Ao+ A { 5 — B |ai+ Baiiq 3)

vit1 = 0; + At[(1 = y)a; + vai41] 4)

where y;, v;, and a; are the joint displacement, velocity, and acceleration at the same time as
iAt, At is the integration time interval, r; is the restoration force vector at the joint, and f; is
the external load vector (—Myy).

For elastic structures, r; = Ky; (K: elastic stiffness matrix of the structure) holds, and

«, B, and <y are variables for controlling the numerical characteristics of the algorithms;

2
—-5<a<0,p= (l;“) ,and y = % — & indicates unconditional stability. The displacement

response in the next step was then calculated using Equations (1)-(4) based on the stiffness
(K), mass (M), and stiffness proportional damping coefficient (C) of the structure. The
damping ratio (&) was set to 0.03.

Meanwhile, the seismic displacement value was applied to the structural specimen
using the 1000 kN actuators installed on the first and second floors. The horizontal displace-
ment value used to calculate the seismic response displacement value was then measured
using the 300 mm displacement meters (LVDTs) installed on each floor (see Figure 8).

As described in Section 3.2, during the pseudo-dynamic test, the 1000 kN oil jack set
was used to apply an axial load (1000 kN) of 500 kN to each of the two actual columns
(framework). Figure 9 shows time—acceleration relations of the normalized ground motion
accelerations used in the pseudo-dynamic test, respectively, together with their acceleration
response spectrum.

500 2500
1 2
4004 . =200 cm/sz
] i o, —— 300 cm/s
300 A l-'l S 2000 ; - - 400 cm/s’
—_ 1 [
S 2004
kg
= ] —~
< 1004 Y 1500
EO E
5 0 ~
o} E %)
8 -100 1000
Q 4
< 200
] i I :
-300 5 i iy ——200 cm/s’ 500
200 ! ! 300 co/s”
B - - - 400 co/s”
-500 T T T T T T T T T 0 T T T T T
0 1 2 3 4 5 6 7 8 9 10 0.0 0.5 1.0 15 2.0 2.5 3.0
Time (sec) Period (sec)
(a) (b)

Figure 9. Seismic waves applied to pseudo-dynamic test: (a) time-acceleration relation and
(b) acceleration response spectrum.

5. Pseudo-Dynamic Test Results and Analysis

Failure situations, including cracks, were summarized for the unreinforced pseudo-
dynamic specimen and the CCSS-reinforced specimen shown in Table 2. The seismic
performance of the PD-CCSS-reinforced specimen was evaluated by comparing it with the
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unreinforced specimen by examining the restoring force, that is, the load—displacement
curve, seismic response displacement, time history curve, and maximum seismic response
load and displacement.

5.1. Crack and Failure Pattern
(1) PD-FR unreinforced specimen

For the PD-FR specimen, initial flexural cracks occurred in the lower part of the column
in approximately 2.03 s (6.4 mm) under the seismic wave of 200 cm/s?. The flexural cracks
expanded and shear cracks occurred in the upper and lower parts of the column from
2.4 s (17.7 mm). After 2.89 s (38.9 mm), the width of the shear cracks in the lower part
of the column increased. At 3.3 s (50.0 mm), severe peeling of concrete began, and the
width of shear cracks seriously increased. The maximum displacement occurred at 3.43 s
(70.5 mm), and the final collapse was observed as shear failure occurred in the lower part
of the framework on the first floor, as shown in Figure 10.

Figure 10. Test result of PD-FR specimen (200 cm/ s2, final).

This is similar to the result of a previous study [12], which suggests that R/C school
buildings with non-seismic features are highly likely to exhibit serious seismic damage un-
der the ground motion of 200 cm /s?. This is judged to be important information for securing
the seismic safety of R/C buildings without seismic design, i.e., seismic reinforcement.

(2) PD-CCSS (CCSS-reinforced specimen)

Figure 11 shows the final step (10 s) of the PD-CCSS, which is the specimen reinforced
with the proposed CCSS, for the seismic wave of 200 cm/s?. At approximately 2.25 s
(displacement: 4.11 mm), slight initial flexural cracks were observed in the lower part of
the column. After 3.07 s (displacement: 6.8 mm), the number of flexural cracks increased,
but the degree of the cracks was minor. After 4.14 s, when the maximum seismic response
was observed (displacement: 10.5 mm), the number of flexural cracks gradually increased,
but the crack width was small. Finally, light damage occurred.
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Figure 11. Test result of the PD-CCSS specimen (200 cm/s?, final).

Meanwhile, under the seismic wave of 300 cm/s2, a small number of flexural cracks
were additionally observed at 6.22 s (displacement: 20.0 mm) when the maximum seismic
response was observed, as shown in Figure 12. Afterwards, only the size of the cracks
slightly increased, but the degree was insignificant. Finally, small cracks occurred unlike
the unreinforced PD-FR specimen (shear failure) shown in Figure 10.

Figure 12. Test results of the PD-CCSS specimen (300 cm/ s2, final).
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Figure 13 shows the test results of the final step (10 s) for the input ground motion of
400 cm /s? assumed to examine the seismic strengthening effect for the CCSS-reinforced
specimen in the event of a large earthquake. At 3.6 s (displacement: 35.2 mm), when the
maximum displacement response was observed, the degree of flexural and shear cracks was
higher than the situation of 300 cm/ s2 described above, and the crack width also increased.
The size of cracks, however, was suppressed below 1.0 mm, indicating that medium-sized
cracks occurred in the PD-CCSS specimen under the ground motion of 400 cm /s

Figure 13. Test results of the PD-CCSS specimen (400 cm/ s2, final).

5.2. Maximum Seismic Response Load and Displacement

Table 4 compares the pseudo-dynamic seismic response maximum load and maximum
displacement results with the failure mode and the degree of seismic damage for the control
specimen (PD-FR) under the seismic wave of 200 cm/ s? and the PD-CCSS specimen under

200, 300, and 400 cm /s?.
Table 4. Comparison of the maximum response strength—displacement and degree of earthquake
damage.
Input Seismic Maximum Maximum .
Specimens Ground Motion Strength Displacement Degree o[fFE?Ir:il‘:lll\l;:;e]])amage
(cm/s?) Vy (kN) 8y (mm)
PD-FR 200 272.5 70.5 Collapse [Shear collapse]
200 488.6 10.5 Light [Flexural crack]
PD-CCSS 300 708.2 20.0 Small [Flexural crack]
400 864.9 35.2 Moderate [Flexural-shear crack]

* Earthquake damage degree was investigated based on the studies conducted by JBDPA [22] and Maeda, Nakano,
and Lee [23].
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According to the test results of the unreinforced specimen (PD-FR), the seismic re-
sponse of a maximum strength of 272.5 kN and a maximum displacement of 70.5 mm was
observed under the seismic wave of 200 cm/s?. The degree of seismic damage is expected
to be at the collapse level according to the studies by JBDPA [22] and Maeda, Nakano,
and Lee [23].

Meanwhile, the PD-CCSS specimen showed a maximum strength of 488.6 kN and a
maximum displacement of 10.6 mm under the seismic wave of 200 cm/ s2. Tt exhibited a
maximum strength of 708.2 kN and a maximum displacement of 20.4 mm under the seismic
wave of 300 cm/s? and a maximum strength of 864.9 kN and a maximum displacement of
35.2 mm under 400 cm/s?. According to studies by JBDPA [22] and Maeda, Nakano, and
Lee [23], the degree of seismic damage to the CCSS-reinforced R/C framework specimens
is expected to be light under the input ground motion of 200 cm/s?, small under 300 cm/s?,
and moderate under 400 cm/s?, indicating the high seismic strengthening effect of the
developed CCSS method.

5.3. Analysis of the Load—Displacement and Displacement—Time History Results

Figure 14 shows the seismic response load—displacement curves for the unreinforced
specimen (PD-FR) under the seismic wave of 200 cm/ s? and the CCSS-reinforced speci-
men under 200, 300, and 400 cm/s?. In addition, Figure 15 shows the seismic response
displacement-time history curves for the specimens. In Table 5, among the pseudo-dynamic
test results for the specimens, the strength and displacement for the input ground motion,
which are key factors for seismic safety assessment, were calculated and listed.

According to the results shown in Figures 14 and 15, and Table 5, compared to the
unreinforced specimen (PD-FR) that showed shear failure under the Hachinohe (EW)
200 cm/s? seismic wave, the maximum strength of the CCSS-reinforced specimen was
approximately 1.79 times higher under the seismic wave of 200 cm/s?, 2.6 times higher
under 300 cm/s?, and 3.17 times higher under 400 cm/ s2. These results are also well
reflected in Figures 10 and 13, which show the test results of the final step. The displacement
for the seismic waves was suppressed by 0.16 times under 200 cm/s?, 0.29 times under
300 cm/s?, and 0.5 times under 400 cm /2.

1000
1 PD-FR (200 cm/s?)
800 |—pD-cCSS (200 cmis?)
1 |- - -PD-CCSS (300 cm/s?)
600 |- _ _pp-ccss y
- (400 cm/s”)
Z 400
= j
= 200
c
S j
& 0 =
- j
2 200
S ] !
a 7 M
g 00 % 4
$ 1 o
-600 - J! "ﬁ
| ? "
e
-1000 . . . . — T

T T T T
-80 -60 -40 -20 0 20 40 60 80
Response Displacement (mm)

Figure 14. Comparison of the seismic response strength-displacement curves.



Appl. Sci. 2023,13, 13231 16 of 29
100
1 PD-FR (200 cm/s?)
80 1 |— PD-CCSS (200 cmis?)
. 1 |- - -PD-CCSS (300 cm/s?)
E 604 |- - -pp-cCsS (400 cmis?)
c
@
S
@
5]
©
Q.
R
[a)]
@
(%]
C
o
Q.
[72] 4
o
o -60
-80
-100 T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Time (sec)
Figure 15. Comparison of the seismic response displacement-time history curves.
Table 5. Comparison of the response maximum strength and displacement.
Response Strength Lateral Displacement
Speci Earthquake Levels
pecimens (cm/s?) Vy @ Ro b Su € R, d
(kN) v (mm) d
PD- 1.00 1.00
FR 200 2725 (272.5/272.5) 70.5 (70.5/70.5)
1.79 0.16
200 488.6 (488.6/272.5) 11.0 (11.0/70.5)
PD- 2.60 0.29
ccss 300 7082 (7082/272.5) 206 (20.6/70.5)
3.17 0.50
400 864.9 (864.9/272.5) 352 (35.2/70.5)

2 Maximum response strength. ® Ratios of the maximum response shear strength between the CCSS-strengthened
and control specimens with respect to earthquake intensity. ¢ Maximum response displacement. ¢ Ratios of
the maximum response displacement between the CCSS strengthened and control specimens with respect to
earthquake intensity.

Consequently, compared to the PD-FR specimen with non-seismic features, the seismic
response strength of the CCSS-reinforced specimen increased by 1.9 times under the same
seismic wave of 200 cm/s?. Furthermore, its maximum seismic response displacement
was suppressed by 84%, thereby increasing the seismic energy dissipation capability. This
verifies the seismic safety of the developed CCSS method.

6. Comparison of the Pseudo-Dynamic Test and Nonlinear Dynamic Analysis Results

Based on the results of the pseudo-dynamic test conducted on the PD-CCSS specimen
described in Section 5, the restoration force characteristics of the beams, columns, and rein-
forcement (CCSS) for the nonlinear dynamic analysis of the two-story framework specimen
reinforced with CCSS were proposed. Nonlinear dynamic analysis was then conducted on
the two-story pseudo-dynamic test specimen based on the proposed restoration forces, and
the results were compared with the pseudo-dynamic test results.

6.1. Nonlinear Dynamic Analysis Overview

The target specimens of the nonlinear dynamic analysis were the unreinforced two-
story R/C framework and the CCSS-reinforced framework shown in Figures 6 and 7 in
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Section 3.2. Although the actual structures vibrate in three dimensions, they were modeled
as plane frames that consider only horizontal seismic forces by replacing the columns,
beams, and walls with linear elements. In the structure part, the floor characteristics were
evaluated based on the levels of the members, and the assumptions required for analysis
are as follows. (1) The location of the yield hinge of each member was determined by
referring to the literature [24,25], and the section from the center of each member to the
end where the yield hinge occurs is assumed to be rigid. (2) The strength of the beams
considers the influence of slab-reinforcing bars within the effective width of the slab, which
is the scope of cooperation for beams. In addition, (3) each member is modeled as serially
connected flexural, shear, and axial springs, as shown in Figure 16.
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Flexural Spring Axial Spring
Shear Spring % Connection Link Spring

Figure 16. Nonlinear dynamic analysis model: (a) non-strengthened frame (PD-FR) and (b) CCSS-
strengthened frame (PD-CCSS).

The unreinforced framework specimen had ground beams and walls at the foundation,
as shown in Figure 16a. It was composed of 12 nodes, including two bottom plates
and ground points. Meanwhile, the CCSS-reinforced framework specimen (PD-CCSS)
consists of members that connect the CCSS reinforcement to the existing R/C framework,
including the nodes of the unreinforced framework specimen, as shown in Figure 16b.
It has 20 nodes, including the ground points. Anchor bolts that combine the existing
R/C member with the CCSS reinforcement were modeled as link joint elements. For
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the axial force in the nonlinear dynamic analysis, the axial load applied to the actual
existing framework (two columns) used in the pseudo-dynamic test shown in Figure 16,
i.e., 1000 kN, was allocated to the upper beam—column joint nodes and a constant axial
force of 500 kN was applied. In addition, the additional weight of the R/C framework and
CCSS reinforcement was applied to the corresponding nodes.

Nonlinear dynamic analysis was conducted using CANNY (Version C11), a general-
purpose software program for three-dimensional nonlinear dynamic analysis that was
developed by Li [26]. Table 6 shows the restoration force characteristics of each member
used in the nonlinear dynamic analysis. The variables used to determine the restoration
forces of each column and beam are listed in Table 6, i.e., the initial flexural stiffness (kg),
initial shear stiffness (ks), flexural crack moment (M), shear crack strength (V.), flexural
ultimate strength (My), and shear ultimate strength (V), were determined by the following
Equations (5)—(12) based on the research results in JBDPA [3], JBDPA [24], and AlJ [25].

M, = 0.63/F.Z¢ (Beam) 5)

M. = 0.63VF.Z + ND/6 (Column) (6)

M, = 0.9a;0,d (Beam) (7)

M, = 0.8a;0yD +0.5ND(1 — bgF ) (Column) (8)
c

kg = 6EI/l (Bothbeamandcolumn) )

where M, is the flexural crack moment (N-mm), M, is the ultimate flexural moment
(N-mm), kp is the initial flexural stiffness (N/mm), F; is the compressive strength of
concrete (N/mm?), and Z is the section modulus (mm?). Additionally, ¢ is the shape
factor of the beam, N is the axial force (N), D is the column depth (mm), a; is the total
cross-sectional area of the tensile reinforcing bars (mm?), oy is the yield strength of the
reinforcement bars (N/mm?), and d is the effective depth (mm).

v — { (1 + $2)0.065k (50 + F.)

i bj (both beam and column; if beam, oy =0)  (10)
va t17

(18+F,)

0.053p
Vu - M
M 1012

+0.85, /Pws 0wy + 0.100}17]' (both beam and column; if beam, oy = 0) (11)

ks = GA/x (Bothbeamandcolumn) (12)

where V. is the is the shear crack strength (N-mm), V,, is the ultimate shear strength (N),
kg is the initial shear stiffness (N/mm), and oy is the axial stress in the column (N/mm?).
Additionally, k. is the modification coefficient depending on the cross-section, b is the width
(mm), j is the distance between centroids of tension and compressive force (mm), p; is the
tensile reinforcement ratio (percent), pys is the shear reinforcement ratio (pys = 0.012 for
Pw > 0.012), oy is the yield strength of the shear reinforcing bars (N/ mm?), and M/V
is the shear span length, with a default value of h,/2, where h, is the clear height of the
column (mm).
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Table 6. Restoration force characteristics of each member used in the non-linear dynamic analysis.

Member Restoration Force Model Model Name
Beam Flexural spring CP3 Cross-peak trilinear model
Shear spring 003 Trilinear origin-oriented
Flexural spring CA7 CANNY sophisticated trilinear hysteresis model
Column Shear spring 003 Trilinear origin-oriented
Axial spring AE1 Axial stiffness model
Wall Shear spring 003 Trilinear origin-oriented
Anchor bolt Shear spring EL2 Bilinear elastic model
ccss Flexural spring SL2 Modified clough model (CL2)
Shear spring EL1 Linear elastic model

Meanwhile, the restoration force characteristics of the shear-failure-type column with
non-seismic features (shear spring of column, OO3 in Table 6) were determined using
Equation (13), which was proposed based on the structural testing of columns with non-
seismic features [12].

V=25V, : 6, =56 (13)

where V,, is the ultimate strength at the time of shear failure, V. is the strength at the time of
shear cracking, J, the displacement at the time of shear failure, and 4, is the displacement
at the time of shear cracking.

6.2. Comparison of the Nonlinear Dynamic Analysis and Pseudo-Dynamic Test Results

Nonlinear dynamic analysis was conducted using CANNY based on the restoration
force models (Table 6) described in Section 6.1 using Hachinohe (EW) seismic waves of 200
and 300 cm/s?, which were used in the pseudo-dynamic test. As mentioned previously,
200 cm/s? was applied to the unreinforced specimen in the pseudo-dynamic test, while
200 and 300 cm/s? were applied to the CCSS-reinforced specimen.

Figure 17 shows the seismic response load—displacement and time-displacement
history curves on the first floor from the nonlinear dynamic analysis and pseudo-dynamic
test of the unreinforced specimen under 200 cm/s?. Figures 18 and 19 show the seismic
response load—displacement and time—displacement history curves from the nonlinear
dynamic analysis and pseudo dynamic test of the first-floor framework of the CCSS-
reinforced specimen under input ground motions of 200 and 300 cm/s?. In addition, Table 7
compares the maximum response load—displacement relationships by nonlinear dynamic
analysis and the pseudo-dynamic test.

Under an input seismic acceleration of 200 cm/ s2, the maximum seismic response
load and displacement of the unreinforced specimen (PD-FR) were 263.1 kN and 71.9 mm
in the nonlinear dynamic analysis and 272.5 kN and 70.5 mm in the pseudo-dynamic
test (Figure 17 and Table 7). Under 200 cm/s?, the maximum seismic response load and
displacement of the CCSS-reinforced specimen (PD-CCSS) were 562.9 kN and 12.2 mm
in the nonlinear dynamic analysis and 488.6 kN and 11.0 mm in the pseudo-dynamic test
(Figure 18 and Table 7). For the ground motion of 200 cm/s?, the nonlinear dynamic analysis
and pseudo-dynamic test results were similar as the average difference was approximately
10%. Under the input ground motion of 300 cm/s?, the maximum seismic response load
and displacement of the CCSS-reinforced specimen (PD-CCSS) were 748.1 kN and 22.4 mm
in the nonlinear dynamic analysis and 708.2 kN and 20.6 mm in the pseudo-dynamic test
(Figure 19 and Table 7). Meanwhile, the anchor bolt that combines the existing R/C member
and CCSS reinforcement, which was assumed to be a bilinear elastic model in Table 6,
showed elastic behavior under all ground motions.
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These analysis results show that the nonlinear analysis model and method constructed
in this study can simulate the CCSS method and the seismic behavior of the R/C framework
reinforced with the method well. Based on the analysis model and method constructed as
described in Section 6.1, it is judged that the seismic strengthening effect of the developed
CCSS method can be effectively evaluated using nonlinear dynamic analysis.
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Figure 17. Comparison of the nonlinear dynamic analysis and pseudo-dynamic test results of the
R/C frame with non-reinforcement (PD-FR) (first floor, 200 cm/s?): (a) load—displacement curves
and (b) time-displacement history curves.
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Figure 18. Comparison of the nonlinear dynamic analysis and pseudo-dynamic test results of R/C
frame retrofitted with the CCSS system (PD-CCSS) (first floor, 200 cm/ s2): (a) load-displacement
curves and (b) time—displacement history curves.
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Figure 19. Comparison of the nonlinear dynamic analysis and pseudo-dynamic test results of R/C
frame retrofitted with CCSS system (PD-CCSS) (first floor, 300 cm/ s%): (a) load-displacement curves
and (b) time-displacement history curves.
Table 7. Comparison of the maximum response load-displacement relationships between the nonlin-
ear dynamic analysis and pseudo-dynamic test results.
. Max. Load
EQ *1 %2 Max. Displacement Max.. D.l sPlace‘.“e,gt Max. Load Deviation
2 Method Deviation Ratio . 43
(cm/s?) (mm) [Analysis/Test] (kN) Ratio
y [Analysis/Test]
PDT 70.5 272.5
PD-RC-FR 200 1.02 — 0.97
NDA 719 263.1
PDT 11.0 488.6
200 1.11 — 1.15
NDA 12.2 562.9
PD-CCSS
PDT 20.6 708.2
300 1.09 EE— 1.06
NDA 224 748.1

*1 EQ shows the input acceleration intensities. *> PDT and NDA represent the pseudo-dynamic test and the
nonlinear dynamic analysis, respectively. **> The deviation ratio refers to the ratio of the maximum response
strength (or displacement) obtained in the nonlinear dynamic analysis to the maximum response strength (or
displacement) obtained in the pseudo-dynamic testing.

7. Evaluation of the Seismic Strengthening Design Method and Seismic Performance
of the R/C Building Reinforced Using the CCSS Method

7.1. Overview of the Nonlinear Dynamic Analysis

It was found that the nonlinear analysis model and method described in Section 6 can
efficiently simulate the seismic performance of the R/C framework reinforced with CCSS.
For the commercialization of CCSS, based on the nonlinear analysis model and method
presented in Section 6.1, the R/C building with non-seismic features reinforced with CCSS
(see Figure 5) was subjected to nonlinear dynamic analysis. The seismic response load and
displacement characteristics of the building before and after seismic strengthening were
then evaluated, and the seismic strengthening effect was finally verified by examining the
degree of damage to the existing member.

As outlined in Section 6, nonlinear dynamic analysis was conducted using CANNY [26].
The analysis was conducted by setting the Hachinohe (EW) to 200 cm/s?, which is the
required level for the seismic design of the target building and led to the collapse of the
unreinforced framework. Figure 20 shows the modeling of the R/C building before and
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after strengthening. The seismic reinforcement volume required for the application of CCSS
was calculated using Equations (14) and (15). Equations (14) and (15) are used to calculate
the required seismic reinforcement volume (Vg,,) for the target performance (Eg, ), which
is then compared to the seismic performance of the R/C building with non-seismic features
before seismic strengthening (E,). The target performance (Eg,) is the level of performance
that leads to less-than-moderate seismic damage (life safety) on the empirical basis under a
seismic acceleration of approximately 200 cm/s?. The above equations are proposed based
on the seismic performance assessment method [24] and seismic strengthening method [3],
which were developed based on Newmark’s equal energy criterion [27,28].

Vieg = (%) (Er, — Eo)- LW, (14)

Eo = Cyp/20 — 1 (15)

where Vi, is the required seismic reinforcement volume for the building (required strength),
n is the total number of floors in the building, i: is the corresponding floor, Eg, is the targeted
basic seismic capacity index after seismic strengthening, E, is the basic seismic capacity
index of the building before seismic strengthening, } W; is the building weight, ¢ is the
coefficient for calculating the ductility index of the existing R/C structure (= Mw),
where y is the ductility ratio of the existing building, and Cy, is the yield strength of the

existing structure expressed in the form of the shear force coefficient (Cy, = V,,/LW;).

(b)

Figure 20. Modeling of the R/C building before and after seismic strengthening: (a) before seismic

strengthening and (b) after seismic strengthening (CCSS system).
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In this study, the target seismic performance after seismic strengthening (Eg,) was set
based on Equation (16), which was proposed by [29] in their research on the correlations
between various seismic acceleration levels and the basic seismic capacity index for existing
R/C buildings. The target performance (Eg,) is the level of performance that leads to
less-than-moderate seismic damage (life safety) under a seismic acceleration, as previously
mentioned, of approximately

Er, =270 —0.02 (16)

where « is the level of input ground motion divided by gravitational acceleration (g).

Meanwhile, nonlinear static analysis was conducted to calculate the basic seismic
capacity index of the target building before strengthening (E,), i.e., yield strength (Cy), to
determine the volume of CCSS reinforcement required for the building. Figure 21 shows the
load—displacement relationship of the existing R/C building obtained through nonlinear
static analysis. Table 8 lists the yield displacement, the strength at the time of yielding
(yield strength), and the basic seismic capacity index of the target building calculated based
on the yield strength. The structure and material properties of the CCSS are the same as
the results shown in the specimen overview in Section 3 and those applied in the analysis
model in this section, allowing the determination of the required strength of the CCSS for
the target building and the number of CCSS units, as shown in Table 9.
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Figure 21. Load—displacement relations based on the nonlinear static analysis of non-strengthened
control buildings.

Table 8. Basic seismic capacity index (E,) of non-strengthened control buildings.

Basic Seismic

Floor Floor Height Floor Weight Yield Displacement Yield Strength Failure Capacity Index
(mm) W (kN) 8, (mm) Vy (kN) Mode pacyy
o
1 3300 1133.4 24.1 2779.0 Shear failure 0.24
2 3300 7556 27.9 2268.0 Shear failure 0.24
3 3300 3778 18.0 1343.7 Shear failure 0.23
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Table 9. Calculated magnitude of the seismic strengthening of CCSS seismic systems.
CCSS Targeted Required Number of Required NCuCn;I;e; Osftigslfljf
SEISMIC Performance Floor CCSS Strength CCSS Systems ystem
Strength * [kN] Strengthening
Eg, Vy (kN) [EA]
[EA]
1 3173.5 5.3 6
600 0.52 2 2644.6 4.4 6
3 1643.4 2.7 4

* CCSS strength used in a single frame for seismic strengthening was assumed to be 600 kN based on test and
analysis results presented in Sections 3-6.

7.2. Nonlinear Dynamic Analysis Results before and after Seismic Strengthening

Nonlinear dynamic analysis was conducted based on the seismic strengthening design
results shown in Section 7.1 and the analysis models of the target building before and after
seismic strengthening. Consequently, for the unreinforced building, shear cracks occurred
in the column member at 2.25 s (displacement: 4.7 mm) under 200 cm/s?. A maximum
seismic response strength of 3584.2 kN (displacement: 49.1 mm) occurred at 3.3 s, and
finally the unreinforced building collapsed due to shear cracks at 3.3 s when the maximum
seismic response was observed.

In the case of the target building reinforced with CCSS, shear cracks occurred in the
column member at 2.5 s (6.8 mm) under 200 cm/ s2. No additional maximum response, how-
ever, occurred after showing the maximum seismic response at 6.8 s (13.6 mm), resulting in
small seismic damage. Figure 22 shows the load—displacement curves of the unreinforced
and CCSS-reinforced buildings on the first floor under 200 cm/s?. Figure 23 shows the
time—displacement history curves under the same ground motion. Table 10 shows the
maximum response strength, maximum response displacement, and displacement ratio,
which are important elements for seismic performance assessment, among the analysis
results for the CCSS-reinforced building and unreinforced building under 200 cm/ s2.

6000
RC building with non-seismic detail
1 |- — RC building retrofitted by CCSS
4000 !
z
=< 2000
£
(o)) 4
&
—
- 0
() . .
17} E Maximum point
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[h4 ]
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*"\ (13.6 mm, 42443 kN)
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. . T .
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Figure 22. Seismic response load—displacement of non-strengthened buildings and buildings strength-
ened by CCSS (1F).
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Figure 23. Seismic response time-displacement history of non-strengthened buildings and buildings
strengthened by CCSS (1F).

Table 10. Comparison of the maximum seismic response and extent of damage before and after
seismic strengthening.

Max. Response

. Final
Building Floor Max. Response Strength ) Displacement ) Failure Degree of Earthquake
Vinax (KN) [Displacement Ratio] Damage *
Mode
Omax (mm)
1 3584.2 49.1 Shear collapse Collapse
Non-strengthened 2 2651.9 38.2 Shear failure Heavy
3 1411.3 22.6 Shear crack Medium
1 42443 13.6 [0.28] Shear crack Small
CCSS- 2 3671.4 18.1 [0.47] Shear crack Small
strengthened
3 2269.2 15.0 [0.66] Shear crack Small

* The degree of earthquake damage was evaluated based on JBDPA [22] and Maeda, Nakano, and Lee [23].

According to the above figures and table, compared to the unreinforced building, the
CCSS-reinforced building was suppressed by approximately 0.28 times on the first floor,
0.47 times on the second floor, and 0.66 times on the third floor under the input ground
motion of 200 cm/s?. This confirmed the validity of the seismic strengthening design
method and the proposed CCSS method.

Figure 24 show the ductility ratios (ys) of the column members on each floor with
respect to shear deformation in the unreinforced building and CCSS-reinforced building.
The ductility ratio in the figures was defined as the ratio of the maximum shear deformation
(Omax) to the displacement at the time of shear cracking (J.), which was shown in Equation
(13);i.e., ps = Omax/dc. s = 1 indicates the time of shear cracking, and s = 5 denotes the
time of shear failure. In addition, L, I, III, IV, and V in the figures represent the seismic
damage classes described in JBDPA [22] and Maeda, Nakano, and Lee [23].
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Figure 24. Distribution of the ductility ratios of columns with respect to the shear deformation
of existing non-strengthened buildings and CCSS-strengthened buildings based on the nonlinear
dynamic analysis. Note: Damage classes are defined by JBDPA [22] and Maeda, Nakano, and Lee [23].

As shown in Figure 24, shear failure occurred in 15 out of 24 columns on the first
floor of the unreinforced building and three columns on the second floor. Shear cracking
occurred in all columns on the third floor. In the case of the CCSS-reinforced building
shown in Figure 24. However, shear cracking of p; = 2.5 or less or no cracking (less than
us = 1) occurred in the columns on all floors, indicating that no column member exceeded
the point of shear failure.

According to JBDPA [22] and Maeda, Nakano, and Lee [23], the seismic damage to
the unreinforced building is the level of collapse and the damage to the CCSS-reinforced
building can be judged to be small. These results satisfy the level of performance that leads
to less-than-moderate seismic damage (life safety), which is the target performance under a
seismic load of 200 cm/s?, as described in Section 7.1, indicating the commercializability of
the CCSS method.

8. Conclusions

This study proposed a CFT CCSS, which is a new concept that can improve and sup-
plement the vulnerability of existing seismic strengthening methods. The pseudo-dynamic
test was conducted on two-story framework specimens based on an existing reinforced
concrete (R/C) building with non-seismic features to verify the seismic strengthening
effect of applying the CCSS to existing R/C buildings. Based on the pseudo-dynamic test
results, restoration force characteristics were proposed for the nonlinear dynamic analysis
of the CCSS-reinforced building. Nonlinear dynamic analysis was conducted based on
the proposed restoration forces, and the results were compared with the pseudo-dynamic
test results. Finally, for the commercialization of the CCSS, nonlinear dynamic analysis
was conducted on the existing R/C building with non-seismic features reinforced with the
CCSS. The seismic strengthening effect was comprehensively verified by examining the
seismic response load, displacement characteristics, and the degree of damage to members
before and after seismic strengthening. The study results can be summarized as follows.

(1) The unreinforced pseudo-dynamic test specimen showed a maximum seismic dis-
placement of 70.5 mm (strength: 272.5 kN) at 3.43 s for the DBE (Hachinohe (EW))
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seismic wave with a magnitude of 200 cm/s?, and shear failure occurred. This shows
that R/C buildings with non-seismic features are highly susceptible to serious seismic
damage under a DBE ground motion of 200 cm/s?. This is judged to be important
information for securing the seismic safety of R/C buildings without seismic design,
i.e., seismic reinforcement.

In the case of the CCSS-reinforced framework specimen, the maximum displacement
was 10.6 mm (strength: 488.6 kN) under a DBE ground motion of 200 cm/s?, and
minor flexural and shear cracks were observed. Under an MCE of 300 cm/s?2, the
maximum seismic response displacement was 20.4 mm (strength: 708.1 kN), and small
flexural and shear cracks were observed. Under a seismic wave of 400 cm/s2, which
represents a large earthquake, the maximum displacement was 35.2 mm (strength:
864.9 kN), and the degree of seismic damage was moderate.

The CCSS is judged to be a typical seismic strengthening method considering that the
maximum strength increased by approximately 1.79 times under the seismic wave of
200 cm/s?, 2.6 times under 300 cm/s2, and 3.17 times under 400 cm /s2 compared to
that of the specimen with non-seismic features (PD-FR), which showed shear failure
under the Hachinohe (EW) 200 cm/s? seismic wave. For the specimen reinforced with
the CCSS method, the seismic displacement was suppressed by approximately 84%
under the same seismic wave, i.e., 200 cm/s?2, compared to the control specimen. This
verified the seismic safety of the developed CCSS method.

Based on the pseudo-dynamic test results of CCSS, the restoration force characteristics
of the beams, columns, and reinforcement (CCSS) were proposed for the nonlinear
dynamic analysis of the two-story framework specimen reinforced with the CCSS.
Based on the proposed restoration forces, nonlinear dynamic analysis was conducted
on the pseudo-dynamic test specimens, and the results were compared with the
pseudo-dynamic test results. The results were found to be similar, and the average
difference in the seismic response load and displacement was less than 10%. This
indicates that the seismic strengthening effect of the CCSS can be effectively evaluated
using nonlinear dynamic analysis based on the nonlinear analysis model and the
method developed in this study.

For investigating the commercialization of the CCSS, the CCSS method seismic retrofit
design procedure was proposed for existing R/C buildings with non-seismic charac-
teristics, and the nonlinear dynamic analysis results before and after reinforcement
were analyzed. As a result of the comparison, the unreinforced building with non-
seismic details suffered collapse-level damage in an earthquake of 200 cm/s?, which
is the DBE level, while the displacement of the CCSS-reinforced building was reduced
by more than 50%, suppressing slight level damage.

The proposed CCSS method is a method that improves the shortcomings of the
existing CFT reinforcement method and significantly improves the constructability of
the joint between the existing R/C frame and the reinforcement. In particular, it was
confirmed that the seismic performance of existing R/C buildings with non-seismic
characteristics can be efficiently improved through the seismic performance of the
CCSS method and the established seismic strengthening design procedure.

In order to promote the commercialization of the technology, it is necessary to propose
additional external joining methods that allow buildings to be used even during CCSS
construction, and verification of different building topologies with different character-
istics for different seismic hazard levels is required. Therefore, as a recommendation
for future research, detailed and experimental research on the application of external
joining and verification through nonlinear dynamic analysis is necessary.
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