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Abstract: The present study proposes a new seismic retrofitting method using a concrete-filled tube
modular frame (CFT-MF) system, a novel technique to overcome and improve the limitations of
existing seismic strengthening methods. This CFT-MF seismic retrofitting method makes the most
of the advantages of both concrete and steel pipes, thereby significantly improving constructability
and increasing integration between the existing structure and the reinforcement joints. This method
falls into the category of typical seismic retrofitting methods that focus on increasing strength, in
which the required amount of seismic reinforcement can be easily estimated. Therefore, the method
provides an easy solution to improving the strength of existing reinforced concrete (RC) structures
with non-seismic details that are prone to shear failure. In the present study, a full-size two-story
test frame modeled from existing domestic RC structures with non-seismic details was subjected
to pseudo-dynamic testing. As a result, the effect of the CFT-MF system, when applied to existing
RC structures, was examined and verified, especially as to its seismic retrofitting performance, i.e.,
restoring force characteristics, stiffness reinforcement, and seismic response control. In addition,
based on the pseudo-dynamic testing results, a restoring force characteristics model was proposed to
implement non-linear dynamic analysis of a structure retrofitted with the CFT-MF system (i.e., the
test frame). Finally, based on the proposed restoring force characteristics, non-linear dynamic analysis
was conducted, and the results were compared with those obtained by the pseudo-dynamic tests.
The results showed that the RC frame (building) with no retrofitting measures applied underwent
shear failure at a seismic intensity of 200 cm/s2, the threshold applied in seismic design in Korea. In
contrast, in the frame (building) retrofitted with the CFT-MF system, only minor earthquake damage
was observed, and even when the maximum seismic intensity (300 cm/s2) that may occur in Korean
was applied, small-scale damage was observed. These results confirmed the validity of the seismic
retrofitting method based on the CFT-MF system developed in the present study. The non-linear
dynamic analysis and the pseudo-dynamic test showed similar results, with an average deviation of
10% or less in seismic response load and displacement.

Keywords: reinforced concrete; seismic strengthening; concrete-filled tube; seismic capacity; pseudo-
dynamic testing; non-linear dynamic analysis; strength increasing

1. Introduction

Concrete structures may be highly prone to early degradation and damage, especially
in their most vulnerable parts, if they have been improperly designed and constructed
or built with inappropriate materials or when the environmental conditions are severe.
This leads to a significant degradation in their safety, durability, and functionality, thereby
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increasing the frequency and scale of natural disasters and safety accidents. In particular,
safety accidents are rapidly increasing in concrete structures, and the resultant damage
is also increasingly severe in scale and scope. The aging and degradation of structures
and their structural performance is accelerated by the degradation of the performance
and functionality of their concrete parts. This degradation process is considered to be
caused by a variety of factors, as mentioned above, such as the natural aging of structures,
environmental changes including climate change, quality errors in design and construction,
and changes in the load condition due to extension or design change. Concrete structures
can be effectively used and fully implement their functionality over the required or intended
period of time only when their safety is thoroughly monitored and reviewed at all times.
Further, when damage occurs or may occur, maintenance and retrofitting measures must
be immediately taken to ensure safety.

The world has recently seen large-scale earthquakes caused by environmental changes,
including climate change, increasingly causing significant damage to various facilities,
and especially structures. In Japan, China, and Taiwan, the neighboring countries of the
Korean Peninsula, earthquake-induced damage is dramatically increasing. In some ways,
this implies that the Republic of Korea is not free from the danger of earthquakes, whether
directly or indirectly. Notably, the 2005 Fukuoka Earthquake in Japan [1], the 2008 Sichuan
Earthquake in China [2], and the 2016 Kumamoto Earthquake in Japan [3] all occurred
within the Eurasian Plate to which the Korean Peninsula belongs. This is explicit evidence
that large-scale earthquakes may occur in Korea.

As is well known, the 2016 Gyeongju Earthquake and the 2017 Pohang Earthquake
in the country already revealed the vulnerability of facilities and structures in the region,
in terms of seismic safety, to a significant extent. These accidents were a huge wake-up
call to the possibility of nationwide disasters. In the 2016 Gyeongju Earthquake, not many
buildings or structures were subject to severe damage, except for some column damage in
buildings located near the epicenter, including schools and residential buildings. In the
2017 Pohang Earthquake, however, newly built piloti structures and multi-unit dwellings
(apartment buildings), including school facilities with non-seismic details, underwent
severe damage [4]. In particular, reinforced concrete (RC) columns without sufficient shear
reinforcement were found to be highly vulnerable to shear failure, as shown in Figure 1,
which then emerged as an urgent and important issue to be addressed in the country’s
seismic policy development for years to come.

Figure 1. Damaged buildings after the 2017 Pohang Earthquake: (a) RC school building; (b) RC public building; (c) piloti building.

As demonstrated in the earthquakes in Gyeongju and Pohang, earthquakes are increas-
ing in Korea in both frequency and intensity. Thus, to prevent structures from collapsing
in the case of a large-scale earthquake, and to minimize resultant human and property
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damage, it is necessary to develop an economical and effective seismic retrofitting method
to improve the seismic performance of structures that are likely to be vulnerable to earth-
quakes, and especially RC structures with non-seismic details, which are highly likely to
undergo shear failure in their columns. Also, these seismic retrofitting measures must
be conducted in an efficient and economical manner based on the expected earthquake
magnitude and resultant damage.

So far, a range of methods for retrofitting the seismic performance of existing RC struc-
tures have been proposed: methods for seismic strengthening and improving deformation
performance [5–19], methods for improving energy absorption capacity using vibration
dampers [20–23], and the base isolation system [24].

According to Lee and Jung [25], most of the mid- and low-rise RC structures of six
stories or fewer with non-seismic details are highly prone to shear failure because the
spacing of transverse reinforcing bars in their columns is only about 30 cm. Unfortunately,
this was actually demonstrated in the 2017 Pohang Earthquake, as shown in Figure 1. It
was also reported that seismic retrofitting methods that focus solely on improving ductility
capacity are less efficient, because the ultimate horizontal strength of such structures is
much lower than desired. The researchers thus concluded that seismic strengthening is a
more efficient retrofitting method to improve the seismic performance of those domestic
mid- and low-rise RC structures with non-seismic details [26,27].

Existing seismic retrofitting methods that focus on increasing strength mainly include
methods for adding infill shear walls inside the frame; methods for installing K-shape
or X-shape steel braces in the frame; methods for inserting steel plate panel walls into
the frame; and internal connection methods, including cross-sectional extension methods.
These existing seismic retrofitting methods based on internal connection can effectively
improve the strength of structures against the horizontal force being applied [28–30].

However, existing seismic retrofitting methods involving strength increase add to
the weight of structures. Given the weak foundations of RC structures with non-seismic
details, the application of such methods may require foundation reinforcement work
to support the weight increase. Furthermore, these methods do not allow for enough
workspace during the retrofitting process. In particular, methods for installing walls
with seismic design and using steel braces, among the most widely used retrofitting
methods, require additional work to be done in the structure to facilitate the transport
of reinforcement materials and ensure more workspace. This means that there will be
less space available for the retrofitting work itself. This limited workspace then leads
to a reduction in efficiency and potentially lengthens the construction period because
more effort needs to be paid to ensuring integration between the existing frame and
the internal reinforcement joints, as well as construction precision [30]. Therefore, it is
necessary to develop a new, internal connection-based seismic retrofitting method by
strength increase, that can overcome the limitations described above, best suit the seismic
structural characteristics of mid- and low-rise RC structures with non-seismic details (prone
to shear failure and low ultimate strength), and ensure integration between the existing
frame and the seismic reinforcement materials.

The present study proposes a new seismic retrofitting method using a concrete-filled
tube modular frame (referred to as CFT-MF) system, which is a novel technique to overcome
and improve the limitations of existing seismic strengthening methods. This CFT-MF
seismic retrofitting method makes the most of the advantages of both concrete and steel
pipes, thereby significantly improving constructability and increasing integration between
the existing frame and the reinforcement joints. This method falls into the category of
typical seismic retrofitting methods that focus on increasing strength, in which the required
amount of seismic reinforcement can be easily estimated. Therefore, the method provides
an easy solution to improving the strength of existing RC structures with non-seismic details
that are prone to shear failure. Additionally, the proposed CFT-MF system doesn’t require
foundation reinforcement work to support the weight increase when RC structures with
non-seismic details that have weak foundations are applied, as stated in the next chapter.
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In the present study, a full-scale two-story test structure modeled from existing RC
structures with non-seismic details in Korea was subjected to pseudo-dynamic testing. The
effects of the CFT-MF system, when applied to existing RC structures, was examined
and verified, especially as to its seismic retrofitting performance, i.e., restoring force
characteristics, stiffness reinforcement, and seismic response control. In addition, based on
the pseudo-dynamic testing results, a restoring force characteristics model was proposed to
implement non-linear dynamic analysis of structures retrofitted with the CFT-MF system
(i.e., the test structure). Finally, based on the proposed restoring force characteristics,
non-linear dynamic analysis was conducted, and the results were compared with those
obtained by the pseudo-dynamic tests.

2. Overview of CFT-MF Seismic Retrofitting Method

Figure 2 illustrates a widely used method for connecting existing frames with steel
frames, which are composed of H-beams, for seismic retrofitting. Anchor bolt holes
are installed in the existing structure using a hammer drill through the anchor holes on
the flange of H-beams spaced at a constant distance from one another. This way, steel
frames can be installed in the existing structure. This method, however, does not allow an
anchor bolt to be installed in the center of the steel frame, where its web is located. Also,
the presences of the flange and web interfere with the operation of hammer drills, i.e.,
there is less workspace. Therefore, workers have difficulty installing anchor holes in the
vertical or horizontal direction. This may lead to construction defects, causing cracks to
occur in concrete parts with low ductility. Reinforcement is then less likely to achieve the
desired seismic retrofitting performance achieved by integrated behavior of the seismic
reinforcement materials with the existing structure. Figure 3 illustrates a seismic retrofitting
method using conventional CFT columns. Compared to the method using steel frames,
this method can be more efficient in improving the strength and ductility performance of
existing structures, but it requires welding professionals to weld the CFT column with its
connection parts so as to ensure precision construction.

Figure 2. Conventional H-beam steel frame connection method.

Figure 4 illustrates the CFT-MF seismic retrofitting method proposed in the present
study. This method was designed to overcome and improve the limitations of the steel
frame connection method and the CFT column connection method described above; this
method allows for sufficient workspace, ensures integration of the reinforcement connec-
tion, and improves constructability. The CFT-MF seismic retrofitting method is imple-
mented by the following three systems: the reinforcement system, the connection system,
and the filler system. The reinforcement system is composed of (a) existing structure,
(b) cover plate, (c) CFT frame, and (d) connection frame, while the connection system is
composed of (e) coupling bolt, and (f) chemical anchor. The filler system is composed of
(g) high-performance mortar.
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Figure 3. Conventional CFT column connection method.

Figure 4. Detailed illustration of CFT-MF strengthening method.

Figure 5 presents the connection details of the proposed method. This method mainly
involves two steps to integrate the existing structure with the reinforcement materials:
connecting (a) the existing structure (RC columns and beams) with (E) the CFT connection
frame using (H) chemical anchors and (G) epoxy resin, and then further connecting this
assembly with (d) the CFT frame and (c) the cover plate using (b) coupling bolts. The
detailed construction procedures, as shown in Table 1, are as follows:

(1) Bore anchor bolt holes in the existing structure (columns and beams).
(2) Install the connection device (steel plate) using anchor bolts.
(3) Install the CFT frame for seismic retrofitting.
(4) Install the cover plate (steel plate) using coupling bolts.
(5) Inject high-performance mortar and conduct finish work.



Appl. Sci. 2021, 11, 4898 6 of 29

Figure 5. Connection details of CFT-MF system: (a) existing column and CFT-MF and (b) existing beam and CFT-MF.

The CFT-MF seismic retrofitting method proposed in this study is a novel technique
to overcome and improve the limitations of existing seismic strengthening methods, as
presented in Figures 2 and 3. The CFT-MF system makes the most of the advantages of
both concrete and steel pipes, resulting in the improvement of the overall constructability
and the increase of integration between the existing frame and the reinforcement joints. In
addition to this, the proposed CFT-MF system does not require foundation reinforcement
work to support the weight increase when RC structures with non-seismic details that have
weak foundations are applied, as shown in Table 2.

Table 2 represents an example of the strengthening cost evaluation between the
proposed CFT-MF system and the conventional adding infill shear wall method, which was
investigated by the author. The investigated building for evaluating the strengthening cost
is a three-story existing RC building with non-seismic details, as describe in the reference
(27). According to Table 2, because the RC shear wall requires foundation reinforcement
work, i.e., the micro-pile reinforcement, the overall construction cost of reinforcement is
increased. Compared to the construction cost of the conventional shear wall system, that of
the proposed CFT-MF system without foundation reinforcement is totally reduced by a
cost of 15%, resulting in a cost-benefit.
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Table 1. Construction procedures for CFT-MF strengthening system.

Sequence Construction Procedures

1 Bore connection anchoring halls.

2 Install connection device (steel plate) using
chemical anchors and epoxy resin.

3 Install CFT Frame.

4 Install cover plate using coupling bolts.

5 Inject high-performance mortar and conduct
finish work.
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Table 2. Cost evaluation between the CFT-MF and the conventional adding infill shear wall strengthening methods.

Strengthening
Method Element Number of

Reinforcement Unit Cost (USD) Total Cost (USD) Cost-Benefit Ratio
(%)

RC shear wall
Concrete shear wall 8 28,351

385,875 -
Micro pile 10 15,907

CFT-MF CFT-MF 8 40,982 327,856 15

3. Overview of Pseudo-Dynamic Testing and Result Analysis

As shown in Figure 6 below, a full-size two-story test frame modeled from existing
RC structures with non-seismic details in Korea was subjected to pseudo-dynamic testing
using the pseudo-dynamic testing system developed in the present study. As a result,
the effect of the developed CFT-MF system, when applied to existing RC structures, was
examined and verified, especially as to its seismic retrofitting performance, i.e., restoring
force characteristics, stiffness reinforcement, and seismic response control.

Figure 6. Illustration of the pseudo-dynamic testing system developed in the present study.
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3.1. Pseudo-Dynamic Testing System and Test Methods

The impact of an earthquake on a structure depends on the ground acceleration and the
type, weight, and stiffness of the structure. The horizontal earthquake acceleration induces
shear stress on the vertical members of the structure, which support the structure. This then
subjects the structure to relative transverse motion. In general, when an earthquake occurs,
many structures, even after large deformation, support themselves without structural
collapse. In the process, however, they are likely to absorb some energy through non-
elastic behavior.

More specifically, while the seismic load is being transmitted to a structure, some
materials in the structural system reach their yield points, thereby causing localized plastic
deformation to occur. The resultant large amount of earthquake input energy then starts to
be absorbed by the structure through non-elastic behavior. It is, however, still very difficult
or impossible to theoretically assess such non-elastic behavioral characteristics even though
a wide range of relevant computing programs have been developed.

For that reason, the non-elastic seismic response of a structure has been mostly experi-
mentally studied with various test methods, including shaking table tests, quasi-static tests,
and pseudo-dynamic tests. The shaking table test method is considered to be the most
effective way to assess the seismic behavior of structures, but the maximum weight and
size of specimens are limited by the size and capacity of the applied shaking table. Thus,
in most cases, reduced-size models are used, and this may lead to issues arising from the
discrepancy between the model and the actual structure. In an attempt to overcome this
limitation, quasi-static tests have been widely used to assess the non-elastic behavior of
full-size structures, in which the test conditions are controlled by the displacement or load.

Meanwhile, the pseudo-dynamic test method was developed to conduct realistic
experimental tests on full-scale structures subjected to earthquake ground motions [31].
This test uses an online computer and associated test instrumentation to monitor and
control a structure, such that displacement thereof closely resembles the consequences
of real seismic excitation. The pseudo-dynamic test is as realistic as shaking table-based
testing, where discretization of the model is feasible; its advantages over shaking tables
include (a) versatility, where it allows for detailed observation of the specimen during the
test, (b) the ability to test full- and large-scale models, thus circumventing the problem of
dynamic similitude, (c) lack of requirement for physical structures, because the method
uses a numerical model, (d) greatly reduced equipment, installation, and operation costs,
(e) circumventing the problems associated with the interactions of a shaking table with
heavy specimens, and (f) improved actuator control and data acquisition reliability due
to the relatively slow rate of loading. In principle, the test can be performed in real time;
however, physical limitations of the instrumentation dictate that the test must be conducted
step-by-step, i.e., pseudo-dynamically. Shaking table tests may be more appropriate in
cases where strain rate effects are significant and/or in distributed parameter systems.
Experimental measurements of restoring forces are performed during the test. These
measured forces are then fed into the computer, together with a set of mathematical
equations for inertial response characteristics, to determine the structural displacement that
would occur as a consequence of a given ground acceleration. This procedure is superior to
quasi-static testing because non-linear structural characteristics are based on instantaneous
experimental feedback rather than hypothetical mathematical models. Pseudo-dynamic
testing differs from classical computer-based structural dynamic simulations, in that the
latter depend on experimentally measured restoring forces rather than on restoring forces
computed using a mathematical model.

Figure 6 is a conceptual illustration of the pseudo-dynamic test system developed
in the present study; this figure also shows how specimens are set and tested. As shown
in Figure 6, it is a two-degree-of-freedom (TDF) system and composed of the numerical
analysis unit, in which the input seismic ground motion is determined by the control
computer and the loading test unit in which specimens are actually subjected to testing.
The displacement response that has been calculated during the test is actually applied to
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the specimen using two hydraulic actuators that are installed in the horizontal direction.
The restoring force is experimentally measured during the test, and this measurement
is fed to the control computer to calculate the corresponding displacement response.
Data conversion is performed by an analog-to-digital/digital-to-analog converter ([DA-
16A], [32]), and the seismic response during pseudo-dynamic testing is calculated by the
closed-loop control system.

Control computer-based numerical analysis was conducted using the Pseudo-Dynamic
Testing Program [33]. Based on the restoring force of the specimen against the applied
deformation measured with LVDT during the loading test, along with the input seismic
acceleration and the measured response in the current step, the amount of response in the
next step is calculated through numerical integration using the motion equation, as shown
in Equation (1) below.

M
..
y(t) + C

.
y(t) + r(t)[= Ky(t)] = −M

..
y0 (1)

where, M, C, and K refer to the mass, damping, and stiffness matrix of the structure,
respectively. y refers to the relevant displacement vector of each layer weight for the
foundation. r is the restoring force vector, while

..
y0 is the input ground acceleration.

The numerical integration of the motion equation was conducted using theα-method [34],
and the numerical integration algorithm for pseudo-dynamic testing is shown in Equation (2).

Mai+1 + (1 + α)Cvi+1 − αCvi + (1 + α)− αri = (1 + α) fi+1 − α fi (2)

yi+1 = yi + ∆tvi + ∆t2
[(

1
2
− β

)
ai + βai+1

]
(3)

vi+1 = vi + ∆t[(1− γ)ai + γai+1] (4)

where, yi, vi, and ai refer to the joint displacement at the time corresponding to i∆t, the
velocity, and the acceleration, respectively. ∆t is the time interval for integration, ri is the
restoring force vector at the joint displacement, and fi is the external load vector (−M

..
y0).

In an elastic structure, ri = Kyi applies (K is the elastic stiffness matrix of the structure).
α, β, and γ are parameters that control the numerical characteristics of the algorithm. The

conditions −5 ≤ α ≤ 0, β = (1−α)2

4 , and γ = 1
2 − α indicate that the system is in a state

of unconditional stability. In the next step, the displacement response is calculated based
on the stiffness (K), the mass (M), and the coefficient of damping proportional to stiffness
(c) using Equations (1)–(4). The damping factor (ξ) was set to 0.03, which amounts to 3% of
the critical damping.

As shown in Figure 6, horizontal seismic response deformation is applied to the
specimen using two 2000-kN hydraulic MTS actuators on the first and second floors. The
horizontal displacement used to calculate the displacement response is measured using
a 300-mm linear variable differential transformer (LVDT) installed on each floor. The
axial force was constantly applied to each column of the specimen using 1000-kN oil jacks
installed on each side of the specimen by properly distributing the axial load applied to
the actual existing frame. Based on a study by Lee [35] on historical seismic waves, the
Hachinohe wave (EW), which exhibited the largest seismic response displacement (best
ductility), was selected and used to determine the seismic ground motion. The acceleration
values were set to 200, 300, and 400 cm/s2, and tests were then conducted using the
pseudo-dynamic testing system accordingly.

3.2. Specimen Preparation and Parameters

A three-story RC school building frame (standard drawings of the 1980s) in Korea, as
shown in Figure 7, was selected and used to verify the seismic performance of the proposed
CFT-MF seismic retrofitting method. The story height was 3.3 m, the design concrete
strength was 21 MPa. Pseudo-dynamic testing was performed on a full-size two-story
frame with a size of one span of the domestic RC school building. The width (b) and depth
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(d) of the cross-section of the test frame column were 350 × 500 mm. 8-D19 and 2-D16 were
used as longitudinal reinforcing bars, while D10/300 was used as transverse reinforcing
bars. The net height of the column was 2400 mm, and the shear span-to-depth ratio was
4.8. T-shape beams were used as each floor’s beams, considering the effective slab width in
accordance with KDS 41 [36]. Table 3 summarizes the applied specimen parameters.

Figure 7. Shape of target building and target frame selected for pseudo-dynamic testing (a) front view and (b) top view.

Table 3. Pseudo-dynamic testing specimens and applied parameters.

Specimen Name Test Method Reinforcing Method Input Seismic Wave
Intensity (cm/s2)

PD-FR Pseudo-dynamic testing Control bare frame 200

PD-CFT-MF Pseudo-dynamic testing CFT-MF seismic system 200/300/400

Figure 8 shows the bar arrangement details of the existing frame with no reinforcement
applied (PD-FR specimen, control bare frame for pseudo-dynamic testing), along with an
image of the corresponding specimen. Figure 9 presents the bar arrangement details of
the frame retrofitted with the CFT-MF system (PD-CFT-MF), along with an image of its
specimen. For pseudo-dynamic testing, a test frame retrofitted with the CFT-MF system
was prepared, along with a test frame with no reinforcement applied for comparison. These
two test frames were subjected to the tests, and the results were compared.
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Figure 8. Bar arrangement details and image of existing frame with no reinforcement applied (PD-FR specimen, control
bare frame for pseudo-dynamic testing): (a) bar arrangement details and (b) image.

Figure 9. Bar arrangement details and image of test frame retrofitted with CFT-MF system (PD-CFT): (a) bar arrangement
details and (b) image.
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According to Lee [35], the Hachinohe wave (EW) exhibited the largest seismic response
displacement (ductility) among the ten historical seismic waves set for middle- and low-
rise RC structures (whose strength is less than 0.5 in terms of shear coefficient). Thus, in
the present study, the Hachinohe wave was selected as the input seismic ground motion
for pseudo-dynamic testing. The input seismic acceleration was set by standardizing the
Hachinohe wave (EW) into 200, 300, and 400 cm/s2. Two-hundred and 300 cm/s2 are
equivalent to two-thirds of the seismic magnitude of the earthquake, with a recurrence
period of 2400 years (Seismic Zone-1 and Soil Profile Type S4 and S5) defined in KDS 41 [36].

Four-hundred cm/s2 was defined to examine the seismic retrofitting performance of
the CFT-MF seismic retrofitting method proposed in the present study when a large-scale
earthquake occurs. It is equivalent to the seismic magnitude of an earthquake with a
recurrence period of 2400 years. The axial force was determined based on the axial load
exerted on the actual existing frame (two columns), i.e., 1000-kN. Thus, each of the two
columns was subjected to a constant axial force of 500-kN.

3.3. Used Materials and Their Properties

The compressive strength of the test frame concrete used in pseudo-dynamic testing
was set to 21 MPa. The standard deviation was determined by averaging the compressive
strength of three specimens; 97% of measured compressive strength. As a result, the
average 28-day compressive strength was measured to be 21.4 MPa. SD400 (Class 1) was
used as reinforcing bars. D19 and D16 were used as longitudinal reinforcing bars for
column members, while D10 was used as shear reinforcing bars. Three tensile specimens of
reinforcing bars were prepared in accordance with KS B 0801 [37] to examine the material
properties of the reinforcing bars used for connection performance test specimens. These
specimens were then subjected to tensile testing at a tensile rate of 5mm/min using a
universal tester (U.T.M.). The results showed that the average yield and tensile strength of
the reinforcing bars were 491 MPa and 731 MPa for both D19 and D16, respectively, and
477 MPa and 711 MPa for D10, respectively.

3.4. Experimental Results and Analysis

Both the test specimen with no reinforcement applied (PD-FR) and the test specimen
retrofitted with the CFT-MF system (PD-CFT-MF) were subjected to pseudo-dynamic test-
ing and then tested for any cracks and breakage. Further, the resultant load-displacement
curves (restoring force), temporal hysteresis loops with respect to the displacement,
and maximum seismic response were analyzed to determine and compare the seismic
retrofitting effect of PD-FR and PD-CFT-MF.

3.4.1. Crack and Failure Morphology

(1) PD-FR (with no reinforcement applied)
In PD-FR with no reinforcement applied, fine initial flexural cracks started to occur

at 2.34 s (displacement: 18 mm), when the input seismic ground motion was 200 cm/s2.
After 2.95 s (displacement: 45 mm), initial flexural cracks increased, and shear cracks
started to occur at the lower part of the columns. After 3.17 s, these cracks at the lower
part of the column started to significantly increase in width. After 3.3 s, severe concrete
delamination started to occur, and at around 3.4 s, where the maximum seismic response
occurred, a shear collapse was observed at the lower part of the test frame, as shown in
Figure 10.

This result was consistent with a previous study [38], which reported that school
buildings with non-seismic details may be subject to large-scale seismic damage when an
earthquake with a magnitude of 200 cm/s2 occurred. This data is considered important
evidence to demonstrate the necessity to apply seismic retrofitting to school buildings with
non-seismic details of the 1980s.



Appl. Sci. 2021, 11, 4898 14 of 29

Figure 10. Cracks and ultimate failure of test frame with no reinforcement applied (PD-FR) (200 cm/s2): (a) shear collapse
at the final stage and (b) enlarged shear collapse.

(2) PD-CFT-MF (retrofitted with CFT-MF system)
PD-CFT-MF was the test frame that had been retrofitted with the CFT-MF system

proposed in this present study. As shown in Figure 11, when the input seismic ground
motion was set to 200 cm/s2, small initial flexural cracks started to occur at the lower part
of the columns at around 2.25 s (displacement: 5.9 mm), and after 3.1 s (displacement:
10 mm), the number of these fine initial flexural cracks increased, but the crack size was
still small. After 3.59 s (displacement: 11.1 mm), where the maximum seismic response
occurred, the number of these flexural cracks continued to increase, but the crack width
still remained narrow.

When the input seismic ground motion was set to 300 cm/s2, shear cracks started
to occur at 3.6 s, where the maximum seismic response occurred. After then, however,
these cracks increased in width, but only to a limited extent. Even after the test was
complete, only small shear cracks were observed at the lower part of the columns, as
shown in Figure 12, in contrast to the PD-FR specimen with no reinforcement applied,
which underwent shear collapse, as shown in Figure 10.

When the input seismic ground motion was set to 400 cm/s2, the magnitude of a large-
scale earthquake defined in accordance with KDS 41 [36], the test specimen retrofitted with
the CFT-MF system, as shown in Figure 13, exhibited more severe flexural cracks and shear
cracks with a larger width at 3.63 s (displacement: 40.61 mm), where the maximum seismic
response occurred, compared to when the input seismic ground motion was 300 cm/s2.
However, the crack size was limited to 1.0 mm or less. In short, PD-CFT, the test frame
modeled from RC school buildings with non-seismic details but retrofitted with the CFT-
MF seismic retrofitting method, was subject to medium-sized cracks at a seismic ground
motion of 400 cm/s2.
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Figure 11. Cracks and ultimate state of test frame retrofitted with CFT-MF system (PD-CFT) (200 cm/s2): (a) flexural cracks
at around 2.25 s and (b) flexural cracks at around 3.1 s.

Figure 12. Cracks and ultimate state of test frame retrofitted with CFT-MF system (PD-CFT) (300 cm/s2): (a) small shear
cracks of the right column and (b) small shear cracks of the left column at the final stage.
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Figure 13. Cracks and ultimate state of test frame retrofitted with CFT-MF system (PD-CFT) (400 cm/s2)): (a) severe flexural
and shear cracks of the right column and (b) severe flexural and shear cracks of the left column at around 3.63 s.

3.4.2. Maximum Seismic Response Load and Displacement

The test frame with no reinforcement applied (PD-FR) was tested at an input seismic
ground motion of 200 cm/s2; the test frame retrofitted with the CFT-MF system (PD-CFT-
MF) was tested at input seismic ground motions of 200 cm/s2, 300 cm/s2, and 400 cm/s2,
and the measured maximum response load and displacement were compared with respect
to the failure mode and seismic damage, as shown in Table 4.

Table 4. Maximum response load-displacement and degree of seismic damage.

Specimen
Name

Input Seismic
Ground Motion

Input Seismic
Ground Motion

[cm/s2]

Maximum Load
Vu [kN]

Maximum
Displacement

δu [mm]

Degree of Seismic
Damage *

(Failure Mode)

PD-FR

Hachinohe
(EW)

200 250.5 58.7 Collapse
[Shear collapse]

PD-CFT-MF

200 432.2 11.0 Light
[Flexural crack]

300 613.3 22.4
Small

[Flexural and shear
cracks]

400 773.9 39.5
Moderate

[Flexural and shear
cracks]

* Degree of seismic damage was determined in accordance with JBDPA [39] and Maeda et al. [40].
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The pseudo-dynamic test results of PD-FR showed that the maximum seismic response
occurred at 250.5 kN (displacement: 58.7 mm), when the input seismic ground motion was
200 cm/s2. Ultimately, a collapse occurred due to shear failure at the columns at around
3.4 s. The degree of seismic damage was considered to be “Collapse” in accordance with
JBDPA [39] and Maeda et al. [40].

In the test frame retrofitted with the CFT-MF system (PD-CFT-MF), the maximum seis-
mic response occurred at 432.2 kN (displacement: 11.0 mm) when the input seismic ground
motion was 200 cm/s2. The degree of seismic damage was insignificant compared to PD-FR
at the same seismic ground motion. At 300 cm/s2, the maximum seismic response occurred
at 613.3 kN (displacement: 22.4 mm), and the corresponding degree of seismic damage
was determined to be Small in accordance with JBDPA [39] and Maeda et al. [40]. When
the input seismic ground motion was 400 cm/s2, i.e., when a large-scale earthquake was
assumed, the maximum seismic response occurred at 773.9 kN (displacement: 39.5 mm),
the corresponding degree of seismic damage was determined to be “Moderate”. These
results verify the seismic retrofitting performance of the CFT-MF system even when a
large-scale earthquake with a recurrence period of 2400 years occurs.

3.4.3. Comparison and Analysis of Seismic Response Load-Displacement Relationship and
Displacement-Time Hysteresis

Figure 14 presents the floor-specific seismic response load-displacement and
displacement-time hysteresis curves of the test frame with no reinforcement applied (PD-
FR) at 200 cm/s2. Figures 15–17 show the layer-specific seismic response load-displacement
and displacement-time hysteresis curves of the test frame retrofitted with the CFT-MF
system (PD-CFT-MF) at 200, 300, and 400 cm/s2, respectively. Figure 18 compares the
load-displacement curves obtained from the first floor of both PD-FR at 200 cm/s2 and
PD-CFT-MF at 200, 300, and 400 cm/s2. Figure 19 compares the displacement-time hys-
teresis loops of the first floor of both PD-FR at 200 cm/s2 and PD-CFT-MF at 200, 300, and
400 cm/s2. Table 5 summarizes the maximum seismic response load and the corresponding
response displacement at the maximum load of PD-FR and PD-CFT-MF, along with the
comparison of the resultant seismic response strength ratios and displacement ratios, which
are important parameters for seismic performance evaluation.

Figure 14. Seismic response load-displacement and displacement-time hysteresis curves (PD-FR, 200 cm/s2): (a) load-
displacement curves; (b) displacement-time hysteresis curves.
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Figure 15. Seismic response load-displacement and displacement-time hysteresis curves (PD-CFT-MF, 200 cm/s2): (a) load-
displacement curves; (b) displacement-time hysteresis curves.

Figure 16. Seismic response load-displacement and displacement-time hysteresis curves (PD-CFT-MF, 300 cm/s2): (a) load-
displacement curves; (b) displacement-time hysteresis curves.

Figure 17. Seismic response load-displacement and displacement-time hysteresis curves (PD-CFT-MF, 400 cm/s2): (a) load-
displacement curves; (b) displacement-time hysteresis curves.
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Figure 18. Comparison of seismic response load-displacement curves (first floor).

Figure 19. Comparison of seismic response displacement-time hysteresis curves (first floor).
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Table 5. Comparison of maximum seismic response load-displacement results and corresponding seismic response strength
and displacement ratios.

Specimen Earthquake Levels
(cm/s2)

Response Strength Response Displacement

Vu
a

[kN] Rs
b δu

c

[mm] Rd
d

PD-FR 200 250.5 1.00 (250.5/250.5) 58.7 1.00 (58.7/58.7)

PD-CFT-MF
200 432.2 1.72 (432.2/250.5) 11.0 0.19 (11.0/58.7)

300 613.3 2.45 (613.3/250.5) 22.4 0.38 (22.4/58.7)

400 773.9 3.09 (773.9/250.5) 39.5 0.67 (39.5/58.7)
a Maximum response strength. b Ratio of maximum response shear strength between strengthened and reference specimens with respect to
earthquake intensity. c Response displacement at maximum point. d Ratio of response displacement between strengthened and reference
specimens with respect to earthquake intensity.

According to the figures and table below, the test frame retrofitted with the CFT-
MF system exhibited seismic response strength about 1.72 times higher than that of the
reference test frame (PD-FR) when the same seismic acceleration was applied at 200 cm/s2.
The difference was even larger when the seismic acceleration was higher: about 2.45 times
at 300 cm/s2 and about 3.09 times at 400 cm/s2. PD-CFT-MF also exhibited smaller seismic
response displacements than the reference test frame. The difference was about 0.19 times
at 200 cm/s2, about 0.38 times at 300 cm/s2, and 0.67 times at 400 cm/s2. The results
confirmed that when the same seismic acceleration was applied at 200 cm/s2, the seismic
response displacement was about 81% lower in PD-CFT-MF than in the reference frame
PD-FR. This indicates that the CFT-MF system was able to effectively enhance the ability of
the test frame to absorb the applied seismic energy.

4. Comparison of Pseudo-Dynamic Test Results and Non-Linear Dynamic
Analysis Results

Based on the pseudo-dynamic test results obtained from PD-CFT-MF, the test frame
retrofitted with the CFT-MF system, described in Chapter 3, the restoring force characteris-
tics of beams, columns, and reinforcing members were proposed to implement non-linear
dynamic analysis of the full-size two-story test frame retrofitted with the CFT-MF seismic
retrofitting method. The proposed restoring force characteristics were used to conduct
non-linear dynamic analysis of the two-story pseudo-dynamic test frame, and the results
were then compared with the pseudo-dynamic test results.

4.1. Overview of Non-linear Dynamic Analysis

Non-linear dynamic analysis was conducted on both the full-size two-story RC frame
with no reinforcement applied, and the test frame retrofitted with the CFT-MF system
shown in Figures 8 and 9 in Section 3.2. In reality, actual structures vibrate in a three-
dimensional and complex manner; however, in the present study, it was assumed that
the used columns, beams, and walls were wire-type materials so that the test frame was
modeled as a plane frame, in which only the seismic force in the horizontal direction was
considered. The floor-specific structural evaluation was conducted at the member level,
and the following assumptions were applied in the analysis. (1) The position of each
member’s yield hinges was determined based on references (JBDPA, [29] and AIJ [41]),
and the segment from the center of each member, including column and beam joints, to
the ends of the members, where yield hinges occur, shall be assumed to be rigid. (2) The
strength of a beam shall be determined considering the effect of the slab reinforcing bars
present within the effective width of the slabs that collaborate with the corresponding
beam. (3) Each member shall be modelled to allow flexural springs, shear springs, and
axial springs to be serially connected, as shown in Figure 20.
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Figure 20. Non-linear dynamic analysis models: (a) control specimen (PD-FR); (b) PD-CFT-MF.

The test frame with no reinforcement applied (PD-FR) includes ground beams and
walls on the foundation level. It is composed of a total of 12 nodal points, including two
deck panels and branch points, as shown in Figure 20a. The test frame retrofitted with the
CFT-MF system (PD-CFT-MF) includes the members that connect the existing RC frame
with the CFT-MF reinforcing members in addition to the nodal points of the test frame
with no reinforcement applied, as shown in Figure 20b. Thus, it is composed of a total of
20 nodal points, including branch points. The anchor bolt used to connect the existing RC
members with the CFT-MF reinforcing members was modeled as a link-joint element.

In non-linear dynamic analysis, the axial force was determined based on the axial load
exerted on the actual existing frame (two columns), i.e., 1000-kN. Thus, each of the upper
beam-column connection nodes was subjected to a constant axial force of 500-kN. Also, the
additional weight of the RC frame and the CFT-MF reinforcing bars was exerted on the
corresponding nodal points.

Non-linear dynamic analysis was performed using CNAAY, a commercial software
package developed by Li [42] to implement the three-dimensional non-linear dynamic
analysis. Table 6 presents an overview of the restoring force characteristics of each member
used in non-linear dynamic analysis.
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Table 6. Restoring force characteristics of each member used in non-linear dynamic analysis (Li [42]).

Member Restoring Force Model Model Name

Beam
Flexural spring CP3 Cross-peak trilinear model

Shear spring OO3 Trilinear origin-oriented

Column

Flexural spring CA7 CANNY sophisticated trilinear
hysteresis model

Shear spring OO3 Trilinear origin-oriented

Axial spring AE1 Axial stiffness model

Wall Shear spring OO3 Trilinear origin-oriented

Anchor bolt Shear spring EL2 Bilinear elastic model

CFT-MF
Flexural spring SL2 Bilinear slip model (SL2)

Shear spring EL1 Linear elastic model

The parameters that determine the restoring force characteristics of each column and
beam, as shown in Table 6, including the initial flexural stiffness (kB), initial shear stiffness
(kS), flexural crack moment (Mc), shear crack strength (Vc), ultimate flexural strength (Mu),
and ultimate shear strength (Vu) were estimated using Equations (5)–(12) in accordance
with JBDPA [29] and AIJ [41].

4.1.1. Determination of Flexural Restoring Force Characteristics

Mc = 0.63
√

FcZφ (Beam) (5)

Mc = 0.63
√

FcZ + ND/6 (Column) (6)

Mu = 0.9atσyd (Beam) (7)

Mu = 0.8atσyD + 0.5ND
(

1− N
bDFc

)
(Column) (8)

kB = 6EI/l (Both beam and column) (9)

where, Mc: flexural crack moment (N·mm), Mu: ultimate flexural moment (N·mm), kB:
initial flexural stiffness (N/mm), Fc: compressive strength of concrete (N/mm2), Z: section
modulus (mm3), φ: shape factor of the beam, N: axial force (N), D: column depth (mm),
at: total cross-sectional area of the tensile reinforcing bars (mm2), σy: yield strength of the
reinforcing bars (N/mm2), and d: effective depth (mm).

4.1.2. Determination of Shear Restoring Force Characteristics

Vc =

{(
1 + σ0

15
)
0.065kc(50 + Fc)
M
Vd + 1.7

}
bj (Both beam and column, if beam, σ0 = 0) (10)

Vu =

{
0.053p0.023

t (18 + Fc)
M
Vd + 0.12

+ 0.85
√

pws·σwy + 0.1σ0

}
bj (Both beam and column, if beam, σ0 = 0) (11)

ks = GA/κ (Both beam and column) (12)

where, Vc: shear crack strength (N·mm), Vu: ultimate shear strength (N), kB: initial shear
stiffness (N/mm), σ0: axial stress in the column (N/mm2), kc: modification coefficient
depending on the cross-section, b: width (mm), j: distance between centroids of tension
and compressive force (mm), pt: tensile reinforcement ratio (percent), pws: shear reinforce-
ment ratio (pws = 0.012 for Pw ≥ 0.012), σwy: yield strength of the shear reinforcing bars
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(N/mm2), M/V: shear span length; the default value is = ho/2, and ho: clear height of the
column (mm).

4.2. Comparison of Non-linear Dynamic Analysis and Pseudo-Dynamic Test Results

Non-linear dynamic analysis was performed using the Hachinohe wave (EW) at 200,
300, and 400 cm/s2 applied in the pseudo-dynamic tests. Further, the model described in
Section 4.1, along with CANNY, was employed. As mentioned previously, 200 cm/s2 of the
Hachinohe wave (EW) was applied to the test frame with no reinforcement applied (PD-FR)
in the pseudo-dynamic testing, while 200, 300, and 400cm/s2 of the Hachinohe wave (EW)
were applied in the test frame retrofitted with the CFT-MF system (PD-CFT-MF). Figure 21
shows the seismic response load-displacement and time-displacement curves obtained from
the first floor of the test frame with no reinforcement applied during non-linear dynamic
analysis and pseudo-dynamic tests when the input seismic ground motion was 200 cm/s2.
Figures 22–24 show the seismic response load-displacement and time-displacement curves
obtained from the first floor of the test frame retrofitted with the CFT-MF system during
non-linear dynamic analysis and pseudo-dynamic tests when the input seismic ground
motion was 200, 300, and 400 cm/s2, respectively. Table 7 compares the maximum response
load-displacement relationship between non-linear dynamic analysis and pseudo-dynamic
test results.

Figure 25 shows a contribution comparison of the lateral response load in terms of
displacement relationships among the RC frame strengthened with the CFT-MF system,
the CFT-MF system, and the un-reinforced RC frame. In the figure, the skeleton curves
of lateral response load-displacement for the RC frame strengthened with the CFT-MF
system were derived from both the non-linear dynamic analysis and the pseudo-dynamic
test at 300 cm/s2, respectively. In contrast, the load-displacement curve of the CFT-MF
system was derived based on the non-linear dynamic analysis results, because it could
not be measured in pseudo-dynamic testing. The restoring force of the RC frame with no
reinforcement applied, as shown in Figure 25, was derived based on non-linear seismic
response analysis and pseudo-dynamic test results at 200 cm/s2. In the RC frame with
no reinforcement applied, a shear collapse occurred at the lower part of the first floor, as
shown in Figure 10. Table 4 shows and compares the contribution of the seismic response
load of each member to the response displacement determined based on Figure 25.

Figure 21. Comparison of non-linear dynamic analysis and pseudo-dynamic test results of RC frame with no reinforcement
applied (PD-FR) (first floor, 200 cm/s2): (a) load-displacement curves; (b) displacement-time hysteresis curves.
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Figure 22. Comparison of non-linear dynamic analysis and pseudo-dynamic test results of test frame retrofitted with the
CFT-MF system (PD-CFT-MF) (first floor, 200 cm/s2): (a) load-displacement curves; (b) displacement-time hysteresis curves.

Figure 23. Comparison of non-linear dynamic analysis and pseudo-dynamic test results of test frame retrofitted with
CFT-MF system (PD-CFT-MF) (first floor, 300 cm/s2): (a) load-displacement curves; (b) displacement-time hysteresis curves.

Figure 24. Comparison of non-linear dynamic analysis and pseudo-dynamic test results of the test frame retrofitted with the
CFT-MF system (PD-CFT-MF) (first floor, 400 cm/s2): (a) load-displacement curves; (b) displacement-time hysteresis curves.
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Table 7. Comparison of maximum response load-displacement relationship between non-linear dynamic analysis and
pseudo-dynamic test results.

Speci-
men

Input Seismic Accele-
Ration
[cm/s2]

Method
Maximum

Displacement
[mm]

Deviation Ratio
in Terms of Maximum

Displacement *1

[Analytical/Exp-
Erimental]

Maximum
Load
[kN]

Deviation Ratio
in Terms of

Maximum Load *1

[Analytical/Exp-
Erimental]

PD-FR 200
PDT *2 66.4 1.08

(71.6/66.4)
250.5 1.03

(258.1/250.5)
NDA *2 71.6 258.1

PD-CFT-
MF

200
PDT *2 12.8 1.00

(12.7/12.8)
432.2 1.18

(514.8/432.2)
NDA *2 12.7 514.8

300
PDT *2 25.1 1.06

(26.7/25.1)
613.3 1.08

(662.5/613.3)
NDA*2 26.7 662.5

400
PDT *2 40.6 0.97

(39.4/40.6)
773.9 0.92

(712.4/773.9)
NDA *2 39.4 712.4

*1 The deviation ratio refers to the ratio of the maximum response strength (or displacement) obtained in the non-linear dynamic analysis
to the maximum response strength (or displacement) obtained in the pseudo-dynamic testing. *2 PDT and NDA show the pseudo-dynamic
test and the non-linear dynamic analysis, respectively.

Figure 25. Comparison of contribution of seismic response load of each member to seismic response
displacement (RC test frame retrofitted with CFT-MF system, CFT-MF system, and RC test frame
with no reinforcement applied).

When the input seismic acceleration was 200 cm/s2, the maximum seismic response
load and displacement of the test frame with no reinforcement applied (PD-FR) were
258.1 kN and 71.6 mm, respectively, in the non-linear dynamic analysis and 250.5 kN
and 66.4 mm, respectively, in the pseudo-dynamic testing (Figure 21 and Table 7). When
the input seismic acceleration was 200 cm/s2, the maximum seismic response load and
displacement of the test frame retrofitted with the CFT-MF system (PD-CFT-MF) were
514.8 kN and 12.7 mm, respectively, in the non-linear dynamic analysis and 432.2 kN and
12.8 mm, respectively, in the pseudo-dynamic testing (Figure 22 and Table 7). At a seismic
ground motion of 200 cm/s2, the deviation between the non-linear dynamic analysis and
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pseudo-dynamic test results was not significant at 10% or less on average. When the input
seismic acceleration was 300 cm/s2, the maximum seismic response load and displacement
of PD-CFT-MF were 662.5 kN and 26.7 mm, respectively, in the non-linear dynamic analysis
and 613.3 kN and 25.1 mm, respectively, in the pseudo-dynamic testing (Figure 23 and
Table 7). The two methods provided similar results. When the input seismic acceleration
was 400 cm/s2 as well, i.e., when a large-scale earthquake was assumed, the maximum
seismic response load and displacement were 712.4 kN and 39.4 mm, respectively, in
the non-linear dynamic analysis and 773.9 kN and 40.6 mm, respectively, in the pseudo-
dynamic testing (Figure 24 and Table 7). The anchor bolts connecting the existing RC
members with the CFT-MF reinforcing bars were assumed to follow the bi-linear elastic
model, as shown in Table 6. These anchor bolts exhibited elastic behavior over the entire
seismic ground motion range.

These results confirmed that the non-linear dynamic analysis model and methodology
developed in the present study were able to effectively simulate the seismic behavior of the
CFT-MF system and RC frames retrofitted with the system. This led to the conclusion that
the seismic retrofitting performance of the CFT-MF system developed in the present study
could be effectively evaluated via non-linear dynamic analysis based on the analytical
models and methods established in Section 4.1.

The contribution of the seismic response load of each member (including the CFT-MF
system developed in the present study and the RC test frame retrofitted with the CFT-MF
system) to the seismic response displacement at a seismic ground motion of 300 cm/s2

is presented in Table 8 and Figure 25. The contribution ratios of the lateral load of the
CFT-MF system were 72.0%, 72.3%, and 73.5% when the displacement was 10 mm, 20 mm,
and 30 mm, respectively.

Table 8. Contribution of each member’s load to seismic response displacement determined based on Figure 25.

Displacement Point
(mm)

Lateral Response Strength (kN)

Contribution
Ratio of vs. *

(%)

300 cm/s2 200 cm/s2

RC Frame Strengthened
with CFT-MF System

[VT]

CFT-MF
System

[VS]

Non-Reinforced
Frame
[VN]

10 486.8 350.7 136.1 72.0

20 602.9 435.8 167.1 72.3

30 679.6 499.6 180.1 73.5

* The contribution ratio refers to the ratio of the response strength of the CFT-MF system (VS) to the total response strength of the RC frame
retrofitted with the CFT-MF system [VT].

These results indicate that the CFT-MF system is an effective seismic retrofitting
measure to significantly enhance the strength of RC structures. This superior seismic
retrofitting method by strength increase is considered to efficiently increase the strength
of middle- and low-rise RC structures with non-seismic details, and especially those with
poor ductility.

5. Conclusions

The present study proposes a new seismic retrofitting method using a concrete-filled
tube modular frame (CFT-MF) system, which is a novel technique to overcome and improve
the limitations of existing seismic strengthening methods. A full-scale two-story test
structure modeled from existing domestic RC structures with non-seismic details was
subjected to pseudo-dynamic testing. As a result, the effect of the CFT-MF system, when
applied to existing RC structures, was examined and verified, especially as to its seismic
retrofitting performance, i.e., restoring force characteristics, and seismic response control.
In addition, based on the pseudo-dynamic testing results, a restoring force characteristics
model was proposed to implement non-linear dynamic analysis of a structure retrofitted
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with the CFT-MF system (i.e., the test frame). Finally, based on the proposed restoring force
characteristics, non-linear dynamic analysis was conducted, and the results were compared
with those obtained by the pseudo-dynamic tests. The major findings of the present study
are as follows.

(1) The pseudo-dynamic test results of the test frame with no reinforcement applied
showed that the maximum seismic response displacement was 58.7 mm (strength:
250.5 kN) at around 3.4 s when the Hachinohe wave (EW) of 200 cm/s2 was applied.
This also coincided with shear failure. These results indicated that the test structure
was prone to shear failure and exhibited low ultimate strength, structural charac-
teristics commonly found in domestic RC structures with non-seismic details of the
1980s. It was also found that such structures with non-seismic details may be subject
to large-scale seismic damage when an earthquake with a magnitude of 200 cm/s2

occurs. These data are considered important evidence to demonstrate the necessity of
applying seismic retrofitting to such buildings.

(2) In the test frame retrofitted with the CFT-MF system, the maximum seismic response
displacement was 11.0 mm (strength: 432.2 kN) when the Hachinohe wave (EW) of
200 cm/s2 was applied. Only fine flexural cracks occurred, and the degree of overall
structural damage was estimated to be insignificant. At 300 cm/s2, the maximum
seismic response displacement was 22.4 mm (strength: 613.3 kN). The initial flexural
cracks increased in number, and small shear cracks occurred compared to when
the input seismic acceleration was 200 cm/s2. The degree of seismic damage was
evaluated to be small. When the input seismic acceleration was 400 cm/s2, i.e., when
a large-scale earthquake was assumed, the maximum seismic response displacement
was 39.5 mm (strength: 773.9 kN). Flexural and shear cracks increased in width, and
the degree of overall structural damage was estimated to be moderate.

(3) The test frame retrofitted with the CFT-MF system exhibited seismic response strength
about 1.72 times higher than the reference test frame when the same seismic accel-
eration was applied at 200 cm/s2. The difference was even larger when the seismic
acceleration was higher: about 2.45 times at 300 cm/s2 and about 3.09 times at
400 cm/s2. The test frame retrofitted with the CFT-MF system also exhibited smaller
seismic response displacements than the reference test frame. The difference was
about 0.19 times at 200 cm/s2, about 0.38 times at 300 cm/s2, and 0.67 times at
400 cm/s2. When the same seismic acceleration was applied at 200 cm/s2, the seismic
response displacement was about 81% lower in the test frame retrofitted with the CFT-
MF system. These results indicated that the CFT-MF system was able to effectively
enhance the ability of the test frame to absorb the applied seismic energy, verifying
the effectiveness of the proposed seismic retrofitting method.

(4) The non-linear dynamic analysis and pseudo-dynamic testing methods, conducted
at input seismic ground motions of 200, 300, and 400 cm/s2, showed similar results.
The deviation was about 10% or less on average. These results confirmed that the
non-linear dynamic analysis model and methodology developed in the present study
were able to effectively simulate the seismic behavior of the CFT-MF system and
RC frames retrofitted with the system. This led to the conclusion that the seismic
retrofitting performance of the CFT-MF system developed in the present study could
be effectively evaluated via non-linear dynamic analysis based on the established
analytical models and methods.

(5) This CFT-MF seismic retrofitting method makes the most of the advantages of both
concrete and steel pipes, thereby significantly improving constructability and increas-
ing integration between the existing structure and the reinforcement joints. This
method falls into the category of typical seismic retrofitting methods that focus on
increasing strength, in which the required amount of seismic reinforcement can be
easily estimated. Therefore, the method provides a suitable solution to improving the
strength of middle- and low-rise RC structures with non-seismic details that are prone
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to shear failure. The validity of the method was verified through pseudo-dynamic
testing and non-linear dynamic analysis.

(6) To commercialize the Concrete-filled Tube Modular Frame (CFT-MF) going forward,
a method to estimate the required amount of seismic reinforcement, along with
seismic reinforcement design methods, needs to be proposed. Furthermore, the
practicality of the CFT-MF seismic retrofitting method needs to be thoroughly assessed
by conducting non-linear dynamic analysis of RC structures with non-seismic details
retrofitted with the CFT-MF system.
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