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ARTICLE INFO ABSTRACT

Keywords: As seismic activity in Korea increases, concerns over aging masonry structures grow. By 2030,
Aged structures over 62 % of South Korea’s buildings will be more than 30 years old, with masonry structures are
Masonry structure a dominant structural type in older structures. Due to the low tensile strength of mortar, masonry
STPU 143 . I . . .. .
Retrofitting buildings are highly vulnerable to seismic loads, requiring effective retrofitting and strengthening

solutions. This study evaluates the seismic strengthening effects of stiff-type polyurea (STPU) and
glass fiber-strengthened polymer (GFRP) on masonry walls through shaking table tests. Three
strengthening types were tested: non-strengthened (MWN), STPU-strengthened (MWP2), and
hybrid GFRP + STPU-strengthened (MWPF5) specimens. The results show that MWP2 resisted up
to 0.8 g PGA, twice the capacity of the non-strengthened specimens (0.4g-0.5 g PGA). The hybrid
MWPF5 exhibited the highest seismic resistance, withstanding up to 1.0 g PGA, but also showed
increased acceleration, indicating improved structural stiffness and potential brittle failure. The
findings confirm that STPU significantly enhances ductility, energy absorption, and seismic
resistance, while GFRP further improves structural seismic performance. These strengthening
materials offer effective and practical retrofitting solutions for aging masonry structures
vulnerable to earthquakes. Further details on the experiments and results are discussed in the

paper.

Shaking table test

1. Introduction

The number of earthquakes in Korea has increased over the past few years. For example, 93 earthquakes greater than 2.0 on the
Richter scale occurred in 2013—twice as many as the annual mean number of earthquakes (44.5) that occurred in Korea from 1999 to
2012 [1,2]. Furthermore, earthquakes exceeding 5.1 and 5.0 in magnitude on the Richter scale occurred on the west-central and
southeastern seashore of the Korean Peninsula, respectively [3,4]. As of 2020, 38.8 % of South Korea’s buildings (7.27 million) were
over 30 years old; by 2030, this is predicted to soar to 62 %. In South Korea, buildings constructed before the late 1980s were largely
designed not following comprehensive seismic codes. Although modern seismic design standards are now well-established, the first
mandatory seismic design code was only introduced in 1988 [5]. To address the aging of structures in South Korea, preemptive
maintenance plans are urgently needed. Particularly in Seoul (in South Korea), masonry construction is the predominant architectural
form in 60.3 % of structures over 30 years old [6]. The strength of mortar significantly influences the structural performance of
masonry constructions. Mortar is a material with very low tensile strength; hence, masonry structures are more vulnerable to seismic
loads than RC structures [7,8]. Therefore, research on repair and strengthening materials and methods for application to older masonry
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Fig. 1. Masonry wall specimen for shaking table test.
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Fig. 2. Shaking table test specimen details.

structures to make these structures more earthquake-resistant has been garnering increasing interest [9].

Various retrofitting techniques have been developed to enhance the seismic resistance of masonry walls, each with advantages and
limitations. One of the most studied retrofitting methods is fiber-reinforced polymer (FRP) strengthening, which enhances the tensile
capacity and ductility of masonry walls [10-13]. However, FRP systems depend on epoxy adhesives, which degrade over time due to
environmental exposure, leading to a reduction in bond strength and effectiveness [14-16]. To overcome the limitations of FRP,
researchers have investigated fabric-reinforced cementitious matrix (FRCM) systems, where fiber grids are embedded in mortar layers
[17,18]. Recent research by Mercuri et al. (2024) explored the effectiveness of basalt and glass chopped fiber mortar for masonry



T.-H. Lee and J.-H.J. Kim Journal of Building Engineering 109 (2025) 112963

Spray
coating of
Polyurea

Spray
coating of
Polyurea

(c)MWPF5 type

Fig. 3. Shaking table test specimen type.

reinforcement [18]. This study emphasized the role of bed joints and coating reinforcements in improving structural integrity under
seismic loads [18]. This suggests that fiber-based mortar systems can be a promising alternative to conventional FRP, but further
evaluation of their long-term durability and application feasibility is needed. Methods for strengthening structures include increasing
the cross-sectional area with reinforced concrete or steel bracing, but these methods are expensive and time-consuming [19-21].
Therefore, there is a critical need for a retrofitting method that offers ease of application, enhanced durability, and cost-effectiveness
while addressing the limitations associated with conventional strengthening methods.

Polyurea (PU) is highly beneficial for retrofitting and strengthening aging structures due to its affordability, high durability, high
ductility, short curing time, and suitability for application in wrapping forms on existing structures [22-27]. Lee et al. (2022)
developed stiff-type PU (STPU) by modifying the chemical properties of existing PU [28]. The tensile strength, percent of elongation,
and elastic modulus of STPU are 28 MPa, 250 %, and 112 MPa, respectively, while those of general PU are 24 MPa, 310 %, and 108
MPa [28]. STPU has a higher tensile strength and lower elongation percentage than existing PU, so it is expected to have a higher
energy absorption, load-carrying capacity, and confinement effect when applied to structures [29]. In this study, STPU was selected as
the strengthening material for masonry walls under seismic load. This study aimed to simulate extreme conditions with the devel-
opment of a new strengthening material, STPU, such as the application of seismic loads to a masonry wall in the out-of-plane direction
and mass concrete on top of the specimen, to assess its seismic load resistance. Three types of specimens (non-strengthened,
STPU-strengthened, and STPU + GFRP-strengthened) were used for shaking table test to evaluate their seismic resistance.

2. Shaking table test specimens and set-up
2.1. Shaking table test specimens

The masonry wall specimen used in the shaking-table test had dimensions of 1390 x 1551 x 190 mm and weighed 700 kg as shown
in Fig. 1. The clay brick dimensions were 190 x 57 x 90 mm and comprised 23 layers with 10 mm mortar joints. The compressive
strengths of clay brick and mortar are 25 and 30 MPa, respectively. To connect the specimen to the shaking table, the masonry wall was
placed on top of a 2300 x 300 x 1500 mm concrete slab. A 1750 x 370 x 540 mm concrete block was placed on top of the masonry
wall to apply inertial loads during the test. The bottom 880 mm and top 440 mm of the masonry wall were restrained using steel
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Table 1
Strengthening types.
Wall Strengthened method Size (mm)
denomination
MWN Non-strengthened 1390 x 1551 x
190
MWP2 2 mm layer of polyurea sprayed onto the surfaces 1390 x 1551 x
190
MWPF5 GRFP laminated in an X pattern on both the front and back surfaces, and a 2 mm layer of polyurea is sprayed onto the =~ 1390 x 1551 x
surfaces 190

mil E 3 \ U
- I I ‘m, - .r 7 A,.;" e g By
« Window side £ & = A
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—

Fig. 4. Shaking table test sensor placement.

Table 2
Sensor placement labeling (in Fig. 4).
Y Sensor placement
B Concrete slab (Base)
U Specimen upward
C Specimen center
D Specimen downward
S Specimen side
w Window side
P Passage side

brackets to ensure that failure occurred at the center of the specimen. Fig. 2 shows the details of the masonry wall specimen installed on
the shaking table. The seismic load was applied in the lateral direction, as shown in Fig. 2. Three types of specimens were made as
shown in Fig. 3. And Table 1 summarizes the strengthening types applied to the masonry wall specimens used in this study.

The denomination system for the masonry wall specimens is as follows. "MW" represents the masonry wall, followed by a letter
indicating the strengthening method. "N" denotes a non-strengthened specimen, while "P2" denotes a 2 mm STPU-strengthened
specimen. Additionally, "PF5" refers to specimens strengthened with both 50 mm width laminated GFRP and STPU on the entire
surface. The number after the hyphen represents the specimen number.

A total of seven specimens were prepared: three non-strengthened masonry wall specimens (MWN), two STPU- strengthened
specimens covering the entire surface (MWP2), and two specimens strengthened with both laminated GFRP and STPU (MWPF5). The
GFRP used in the strengthening has a tensile strength of 900 MPa and an elastic modulus of 45 GPa.

2.2. Shaking table test set-up

The denomination system for the sensors used in the shaking-table test is structured as follows. The first letter represents the sensor
type, where "A" indicates an accelerometer and "L" indicates a laser LVDT. The second letter denotes the sensor attachment area, which
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Table 3
Maximum values obtained by sensors in MWN specimen.
PGA. Spcm.
MWN-1 MWN-2 MWN-3
ABK ACK ACK LC ACD ACK LU LC LD
01lg —0.09 —0.08 —0.08 —7.46 -0.13 -0.13 8.19 8.12 8.04
02g —0.22 0.29 —0.18 —-15.77 -0.28 —-0.29 —15.39 15.14 —15.24
03g -0.31 0.47 —0.26 23.89 —0.32 -0.33 24.88 24.53 24.30
04¢g —0.43 —0.31 0.31 —33.45 —0.57 —0.55 53.36 34.97 31.34
05¢g —0.94 44.91

*Accelerometer unit: g, LVDT unit: mm.

(¢) sketch of front (d) sketch of the back

Fig. 8. Crack pattern in MWN-2 specimen.

corresponds to the locations specified in Fig. 4 and Table 2. The third letter identifies the brand of the accelerometer, with "D" referring
to a Dytran accelerometer (ICPE type) and "K" referring to a Kyowa accelerometer (Bridge type). The third letter was not used for LVDT
and was only applied to accelerometers (see Table 2).

During the shaking-table test, the El-Centro earthquake wave was selected as the input ground motion. The peak ground accel-
eration (PGA) was incrementally scaled from 0.1 g to 1.0 g in 0.1 g step to simulate increasing seismic intensity and capture the
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Fig. 9. Crack pattern in MWN-3 specimen.

Table 4
Maximum values obtained by sensors in MWP2 specimen.
PGA. Spem.
MWP2-1 MWP2-2
ABK ACK LC ABK ACK LU LC
01lg —0.09 —0.08 —7.50 —0.08 —0.11 8.28 7.84
02g —0.22 -0.14 —15.29 —-0.14 -0.2 15.48 14.97
03g —0.30 -0.18 25.25 —0.21 -0.27 25.21 24.46
04¢g —0.43 —0.26 32.15 —0.44 —0.51 —32.40 —31.60
05¢g —0.63 0.58 47.69 —0.50 0.57 —42.51 —40.02
06¢g —0.72 0.73 49.95 —0.65 —0.86 49.29 47.68
07¢g —0.81 0.88 58.78 -0.71 -1.30 59.89 57.26
08¢g —0.86 1.04 80.20 65.49

*Accelerometer unit: g, LVDT unit: mm.

progressive failure mechanisms of the walls. Since STPU was newly developed for structural seismic strengthening material, the test
was designed to simulate extreme conditions by applying the seismic load in the out-of-plane direction. This is a critical failure mode
for masonry walls, as they are particularly vulnerable to out-of-plane forces due to their low tensile strength. The test was terminated
when structural failure occurred, ensuring that the ultimate capacity of each specimen was identified.
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Table 5
Peak value comparison between MWN and MWP2 at PGA 0.3 g.
ACK (g) LC (mm) Average Ratio
ACK (8) LC (mm) ACK LC
MWN-2 0.26 23.89 0.295 24.21 1 1
MWN-3 0.33 24.53
MWP2-1 0.18 25.25 0.225 24.86 0.76 1.03
MWP2-2 0.27 24.46

L

III;T

(b) sketch of front

(c) sketch of the back

Fig. 12. Crack patterns in MWP2-1 specimen.

3. Shaking table test result

3.1. MWN specimen test result

The absolute maximum measurement values for each sensor of the MWN specimen are listed in Table 3. The MWN-1 specimen was
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Fig. 13. Crack patterns in MWP2-2 specimen.

Table 6
Maximum values obtained by sensors in MWPF5 specimens.
PGA. Spem.
MWPF5-1 MWPF5-2
ABK (g) ACK (8) LU (mm) LC (mm) LD (mm) ABK (g) ACK (g) LU (mm) LC (mm) LD (mm)
01lg —-0.14 —0.11 -7.75 7.51 7.61 —0.14 -0.13 —-8.01 -7.73 —7.82
02¢g —0.26 —0.43 —15.85 —15.54 —15.92 -0.23 -0.29 —16.18 —19.44 —15.76
03g —0.32 —0.41 24.17 24.05 23.76 —0.34 —0.31 26.24 25.50 25.68
04¢g —0.43 —0.61 —32.84 —32.52 -31.72 —0.43 —0.54 —-34.74 —-34.27 —33.68
05¢g —0.52 —-0.63 —41.93 40.81 39.68 -0.57 -0.71 47.94 43.41 45.16
06¢g —0.68 -1.04 51.65 48.62 46.96 -0.75 -1.22 —52.83 —48.68 —49.80
07¢g —-0.76 —0.81 63.48 56.47 54.00 —0.80 1.00 63.66 59.42 60.68
08¢g —0.84 -1.18 83.85 72.39 67.83 —-0.92 1.11 74.07 64.63 67.04
09¢g —1.00 -1.82 —103.53 85.37 —79.03 -1.05 -1.15 —106.68 —90.43 —100.67
1.0g -1.01 1.80 —133.04 84.97 —94.48 - - - - -
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Table 7
Mean value comparison among three types of specimens.
PGA. Spcm.
ACK (g) Ratio Ratio LC (mm) Ratio Ratio
MWN MWP2 MWPF5 (MWPES/ (MWPFS/ MWN MWP2 MWPF5 (MWPES/ (MWPFS/
MWN) MWP2) MWN) MWP2)
01lg 0.10 0.10 0.12 1.20 1.20 7.80 7.67 7.62 0.97 0.99
02¢g 0.23 0.17 0.36 1.57 212 15.46 15.13 17.49 1.13 1.16
03g 0.30 0.23 0.36 1.20 1.57 24.21 24.86 24.78 1.02 1.00
0.4¢g 0.44 0.39 0.58 1.32 1.49 34.21 31.88 33.40 0.98 1.05
05¢g 0.94 0.58 0.67 0.71 1.16 44.91 43.86 42.11 0.94 0.96
(Failure) (Failure)
06g - 0.79 1.13 - 1.43 - 48.82 48.65 - 1.00
0.7g - 1.09 0.91 - 0.83 - 59.34 57.95 - 0.98
08g - 1.04 1.15 - 1.11 - 80.20 68.51 - 0.85
(Failure) (Failure)

subjected to a preliminary test to improve the reliability of the shaking-table test before the actual test. The lower MWN-1 fixed bracket
was installed with only one tier (440 mm), and the laser LVDT was installed at the center and on the left and right sides of the wall.
However, data could not be acquired due to a data logger malfunction. Figs. 5-7 (in Appendix A.) provide graphs of the primary sensor
measurements for each specimen, which are separated into pre- and post-failure PGAs, whereas Figs. 8 and 9 depict the crack patterns
for the MWN-2 and MWN-3 specimens after the shaking table test. Installing a fixed steel bracket on MWN-2 and MWN-3 caused
damage in the central region, to emphasize observation of data from the central region. For MWN-1, failure occurred at 0.4 g; however,
for MWN-2, failure did not occur until 0.4 g, although cracks appeared, and it was determined that MWN-2 was failed when the cracks
expanded at 0.5 g. As observed in Table 3 and Fig. 7 (in Appendix A.), MWN-3 was failed at 0.4 g when the values of the center
displacement (LC) and that of the upper displacement (LU) differed markedly. The acceleration data in Figs. 5-7 (in Appendix A.)
reveals that, before failure progressed, the amplitude of the acceleration graph in the central area decreased after 5 s. However, this
phenomenon was less frequent as failure progressed. Presumably, the acceleration increases due to the vibration induced by the
failure, as the effect of acceleration reduction by damping decreases after failure. Figs. 8 and 9 show that most of the mortar cracks
occurred at the top of the lower fixed bracket and advanced downward.

3.2. MWP2 specimen test result

The absolute maximum values for each sensor of the MWP2 specimen are listed in Table 4, and the comparison of peak values of
ACK and LC for MWN and MWP2 specimen at 0.3 g PGA are listed in Table 5. The graphs for each main sensor in Figs. 10 and 11 (in
Appendix A.) show the PGA before failure and the PGA after failure. MWP2-1 failed at 0.8 g, and as shown in Fig. 12 (a), the specimen
was separated into two parts for the torn STPU coating. Failure was observed at 0.7 g. The difference in MWP2-2 between the LC and
the LU was minimal until 0.7 g, but at 0.8 g, the difference was 14.7 mm, and failure occurred. Figs. 12 and 13 illustrate the crack
pattern of the MWP2 specimens; cracks were observed near the top of the lower fixing bracket. In specimen MWP2-1, the STPU tore
apart, causing the specimen to split into two parts. This phenomenon is attributed to the concentration of load at the lower fixing
bracket, which restrained the bottom part. Presumably, if there were no restrained areas on the surface when strengthening the
structure with STPU, the STPU would not tear.

In comparing the average experimental values between specimens MWN and MWP2, failure was observed when the seismic loads
were 0.4g-0.5 g and 0.7g-0.8 g, respectively. Thus, the seismic load resistance of specimen MWP2 was 0.2g-0.4 g higher than that of
specimen MWN. The central acceleration did not differ between specimens MWN and MWP2 when the PGA was 0.1 g; however, it
decreased by 11-48 % when the seismic load was 0.2g-0.5 g. The displacement value of MWP2 was 2-7 % lower than that of MWN
except when the PGA was 0.3 g. Strengthening with STPU increased the ductility of the structure, resulting in higher seismic load
resistance. As ductility increased, a rise in energy absorption and a reduction in structural acceleration were observed.

3.3. MWPF5 specimen test result

The absolute maximum values for each sensor of the MWPF5 specimen are listed in Table 6, and the comparison of the mean values
of ACK and LC for specimens MWN, MWP2, and MWPF5 are shown in Table 7 and Fig. 14. The graphs for each main sensor in Figs. 15
and 16 (in Appendix A.) show the PGA before failure and the PGA after failure. The structure of specimen MWPF5-1 did not fail during
the test until the PGA was 1.0 g. However, as listed in Table 6, when the difference between the LC and LU values of MWPF5-1 exceeds
10 mm when the load is 0.8 g, cracks are assumed to occur at 0.7g-0.8 g. Figs. 15 and 16 (in Appendix A.) show that after the failure of
specimens MWPF5-1 and MWPF5-2, the amplitude of the LU graph increases by more than 20 mm compared to that of the LU graph
before the specimens were failed. When MWPF5-2 was failed at 0.9 g, noise occurred in the ACK data due to the central part of the
specimen being damaged. The maximum values observed before 20 s when the specimen was not failed are summarized in Table 6.
Figs. 17 and 18 illustrate the crack pattern of the MWPF5 specimens. For specimen MWPF5-2, at 0.8 g, the difference between the
maximum values of LC and LU is 9.56 mm, which is approximately 10 mm. Thus, specimen MWPF5-2 is deduced to have also cracked
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Fig. 14. Mean value comparison among three types of specimens.

at 0.7g-0.8 g. Regarding the crack pattern of MWPF5-1 shown in Fig. 17, cracks are observed near the top of the lower fixing bracket.
Regarding the crack pattern of MWPF5-2 shown in Fig. 18, cracks are also observed near the top of the lower fixing bracket and near
the laminated GFRP. The seismic load resistance values of specimen MWPFS5 are 0.4g-0.6 g and 0.1g-0.3 g higher than those of MWN

10
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(c) sketch of front (d) sketch of the back

Fig. 17. Crack pattern in MWPF5-1 specimen.

and MWP2, respectively. The ACK data summarized in Table 7 indicate that specimen MWPF5 has acceleration values higher than
those of specimen MWN except when the PGA is 0.5 g and higher than those of MWP2 except when the PGA is 0.7 g. The LC values in
Table 7 indicate that the displacement values of specimen MWPF5 are similar to those of specimens MWN and MWP2 for each load
except when MWP2 is failed at 0.8 g. Due to the stiffness of GFRP being higher than that of STPU, strengthening with GFRP + STPU
resulted in a higher acceleration response under seismic loads than strengthening with STPU alone. These results reveal that when
STPU and GFRP are used together as strengthening material, the strengthening effect of GFRP, which is stiffer than that of STPU, is
more pronounced. Specimens strengthened with GFRP + STPU exhibited higher seismic load resistance than those strengthened with
STPU alone, but they also exhibited a higher acceleration response, suggesting an improved structural stiffness and a potential risk of
brittle failure when the specimen fails.

In the shaking table test, the displacement of each specimen was measured using a laser displacement meter. Measurement was
conducted outside the shaking table in anticipation of specimen collapse. The displacement of the shaking table and the displacement
of the specimen due to the seismic load were added. Accordingly, the inherent displacement of the specimen due to seismic load can be
derived from the relative displacement, which is obtained by subtracting the displacement of the shaking table from that of the
specimen. The maximum relative displacement values comparison among specimens MWN-3, MWP2-2, MWPF5-1, and MWPF5-2 are
summarized in Table 8 and Fig. 19. The displacement data relative to these specimens could be collected from the shaking table tests.
The LU value of specimen MWN-3 gradually increased until the load was 0.3 g. A sharp increase was then observed at 0.4 g, and the
specimen was failed. The LU value of specimen MWP2-2 gradually increased to 1.5 mm at 0.4 g; then, it approximately doubled to 3.06
mm at 0.5 g. However, because the specimen displacement (i.e., 3 mm) was relatively small, microcracks were deduced to occur at

11
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(c) sketch of front (d) sketch of the back

Fig. 18. Crack pattern in MWPF5-2 specimen.

Table 8
Maximum relative displacement results.
PGA. Spem.
MWN-3 MWP2-2 MWPF5-1 MWPF5-2
LU (mm) LC (mm) LU (mm) LC (mm) LU (mm) LC (mm) LU (mm) LC (mm)
01lg 0.37 0.20 0.26 0.19 —0.81 —0.40 -0.27 0.19
02¢g —1.06 0.31 —0.57 —0.28 -1.05 0.88 0.63 0.49
03g —-1.92 0.51 -0.75 0.32 —-2.45 -1.15 -1.77 1.21
0.4¢g 40.72 (Failure) 14.14 (Failure) —1.50 0.58 —4.06 —1.80 -3.38 2.40
05¢g - - —3.06 1.26 —5.26 —2.21 —4.12 2.26
06¢g - - -3.16 1.30 —10.64 —4.37 —4.36 —5.02
0.7g - - —-3.88 -1.67 —12.61 —5.31 —4.70 —5.36
08¢g - - 13.80 (Failure) —6.43 (Failure) 27.01 —8.83 7.28 —8.64
09g - - - - 51.16 17.77 —53.21 (Failure) ~ —29.12 (Failure)
1.0g - - - - 67.08 (Failure)  30.53 (Failure) - -

12
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Fig. 19. Maximum relative displacement results (absolute value).

0.4g-0.5 g. The LU value of specimen MWP2-2 gradually increased when the acceleration was 0.5g-0.7 g and finally increased to 13.8
mm at 0.8 g before the specimen was failed. This value is approximately 3.56 times higher than that at 0.7 g. The LU and LC values of
specimen MWPF5-1 gradually increased at 0.5 g. The LU value at 0.6 g then increased to approximately double that at 0.5 g. Sub-
sequently, the LU value increased approximately 1.9 times at 0.8 g compared with that at 0.7 g. Specimen MWPF5-1 reached higher
relative displacement values of LU than specimens MWN-3 and MWP2-2 at the same load. In specimen MWPF5-1, cracks occurred in
the bricks and mortar at 0.4g-0.8 g. However, with STPU and GFRP as strengthening material, ductility was achieved, preventing the
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Fig. 20. MWN-3 specimen hysteretic curves.

wall from collapsing. Specimen MWPF5-1 exhibited considerable displacement with an LU value of 51.06 mm at 0.9 g, and the damage
to the wall was marked. However, the wall was not failed; presumably, debonding did not occur between the GFRP and the masonry
wall. The LU value of specimen MWPF5-2 gradually increased until the load was 0.8 g. Then, it increased to —53.21 mm at 0.9 g, and
failure occurred; this LU value was approximately 7.3 times greater than that at 0.8 g. In specimen MWPF5-2, the LC value was
observed to be higher than the LU value after the acceleration reached 0.6 g. However, the value was incorrect because of noise and
errors during measurement. Based on relative displacement, both specimens MWP2 and MWPF failed at a load that was twice as high
as that of specimen MWN. The two specimens are structurally safe even at 0.4 g, which is the standard seismic acceleration for masonry
structures specified in TMS-420 of the U.S. International Building Code [30]. The displacement values of specimen MWPF5 at all loads
were higher than those of other specimens; MWPFS5 failed at the highest load. In MWPF5, two GFRP strips in diagonally crossing
pattern were attached to the wall surface; consequently, cracks that occurred inside the wall were controlled by the adhesion between
the wall and GFRP. When debonding occurs between the wall surface and GFRP, the wall is considered to have failed.

3.4. Hysteretic curves and dynamic characteristics
The response of the specimens in terms of hysteretic curves behavior was also evaluated. Figs. 20-22 present the hysteretic curves
of each specimen. For each type of specimens, the specimen with complete and uninterrupted data collection is used for drawing

hysteresis graph. For non-strengthened, STPU strengthened, and GFRP-STPU strengthened specimens, MWN-3, MWP2-2, and MWPF5-

14



T.-H. Lee and J.-H.J. Kim Journal of Building Engineering 109 (2025) 112963

02¢g

1,500
1,000

500

Z 200 z
° -500
8 00 8
) e -
* 600 & -1,000
-800 -1,500
-1,000 -2,000
-03 -0.2 -0.1 00 01 02 03 -0.6 04 -0.2 0.0 02 0.4
Relative Displacement (mm) Relative Displacement (mm)
1,500 2,000
1,000 1000
500
0
0
Z  -500 Z  -1,000
9 g
S -1,000 g 000
o w
% 1,500
-3,000
-2,000
-2,500 -4,000 .
08 06 04 -02 0 0.2 04 06 08 . K = 45 0 05 1 15
Relative Displacement (mm) Relative Displacement (mm)
(c) 0.3g (d) 0.4g
05¢g 0.6¢
3,000 3,000
2,000 2,000
1,000 1,000
3 Z  -1,000
> -1,000 o
g o -2,000
w -2,000 o
% 3,000
R0 -4,000
-4,000 -5,000
35 3 25 2 15 1 05 0 05 1 15 4 3 2 A 0 1 2 3

Relative Displacement (mm) Relative Displacement (mm)

(e) 0.5g () 0.6g

Fig. 21. MWP2-2 specimen hysteretic curves.

2 data were selected for hysteretic curve presentation. The horizontal axis of each graph represents the relative displacement, which is
the difference between the displacement of the specimen’s top and bottom of the wall. The vertical axis represents the force applied to
the specimen, derived from the acceleration data (ABK) recorded during the shaking table test.

Stiffness degradation was assessed by taking the stiffness at 0.1 g as the initial stiffness and comparing it with the stiffness at the
peak ground acceleration (PGA) before failure, as summarized in Table 9. The initial stiffness values were highest in the order of
MWPF5, MWP2, and MWN. The MWPF5 specimen exhibited an initial stiffness more than twice that of the other two specimens,
confirming the effectiveness of GFRP strengthening in enhancing the stiffness of masonry walls. The stiffness degradation ratio was
highest in the order of MWPF5, MWP2, and MWN. The significant stiffness degradation observed in MWPFS5 is attributed to the
debonding of GFRP from the masonry wall due to repeated seismic loading, which considerably reduced the stiffness enhancement
effect of the GFRP. The approximately 30 % lower initial stiffness of MWP2 compared to MWN is considered as a variation caused by
the non-homogeneous characteristics of the specimen. It is inferred that polyurea is more effective in improving the ductility of the
structure rather than stiffness.

The energy dissipation effect of the strengthening materials used in each specimen was evaluated by integrating the area within the
envelopes of the hysteresis graphs in Figs. 20-22. The calculated values are summarized in Table 10. A comparison of the energy
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Fig. 21. (continued).

dissipation before failure with that of the MWN specimen indicates that the MWP2 and MWPF5 specimens exhibited values that were
5.2 and 10.5 times higher, respectively. This result demonstrates the superior strengthening performance of STPU in resisting dynamic
out-of-plan seismic loading.

The damping ratio was calculated using the logarithmic decrement method, as described in Egs. (1) and (2), based on the free
vibration response data recorded after the cessation of seismic excitation.

X,
5=In (Xm) &)

3

- (2)
! Van? 4 5

where X, is n-th peak amplitude, X,;; is n+1-th peak amplitude; § is logarithmic decrement; y is damping ratio.

The damping ratio was categorized into two states: the values measured at PGA of 0.1 g (elastic state) and at failure (failure state),
as summarized in Table 11. The increase in the damping ratio was most pronounced in the order of MWPF5, MWN, and MWP2. A
significantly higher damping ratio in the failure state compared to the elastic state indicates a greater extent of structural damage.
Consequently, the rate of change in the damping ratio for the brittle-failure of MWPF5 and MWN specimens was 2.81 and 1.59 times
higher, respectively, than that of the ductile-failure of MWP2 specimen.

4. Conclusions

STPU is developed by modifying the components of existing PU to achieve a better strengthening effect. In this study, the
strengthening effect of STPU for masonry wall structures was evaluated. The extreme condition of the shaking table tests was
investigated for three types of specimens, and the displacement and acceleration of each specimen were measured. The test results are
summarized as follows.

1) Regarding the average experimental values between specimens MWN and MWP2, failure occurred when the seismic loads were
0.4g-0.5 g and 0.7g-0.8 g, respectively. Thus, the seismic load resistance of specimen MWP2 was 0.2g-0.4 g higher than that of
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Fig. 22. MWPF5-2 specimen hysteretic curves.

specimen MWN. Strengthening with STPU increased the ductility of the structure, resulting in higher seismic load resistance. As
ductility increased, an increase in energy absorption and a reduction in structural acceleration were observed.

Based on relative displacement, both specimens MWP2 and MWPF failed at a load that was twice as high as that of specimen MWN.
The two specimens are structurally safe even at 0.4 g, which is the standard seismic acceleration for masonry structures specified in
TMS-420 of the U.S. International Building Code [30].

The displacement values of specimen MWPF5 at all loads were higher than those of other specimens; MWPFS5 failed at the highest
load. In MWPF5, two GFRP strips were attached to the wall surface in diagonally crossing patter; consequently, cracks that occur
inside the wall are controlled by the adhesion between the wall and GFRP. When debonding occurs between the wall surface and
GFRP, the wall is considered to have failed.

The shaking table test results revealed that the hybrid STPU-GFRP strengthened wall exhibited the highest seismic load resistance
among the three types of specimens. More specifically, MWPF5 specimen withstood seismic loads up to 0.9 g-1.0 g, which is 0.1
g-0.3 g higher than MWP2 and 0.4 g-0.6 g higher than MWN. Due to the higher stiffness of GFRP compared to STPU, the hybrid
GFRP-STPU strengthening method exhibited a greater confinement effect, leading to increased seismic resistance. However, the
specimens strengthened with GFRP-STPU showed a higher acceleration response under seismic loading due to the increased
stiffness, indicating a potential risk of brittle failure upon collapse.
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Fig. 22. (continued).

Specimen Initial stiffness (I) Stiffness before failure (E) Degradation ratio
MWN-3 9.76 5.26 0.46
MWP2-2 6.86 2.56 0.63
MWPF5-2 19.60 3.52 0.82
*Degradation ratio: —
Table 10
Energy dissipation comparison among three types of specimens [unit: joule(J)].
PGA Spem.
MWN-3 MWP2-2 MWPE5-2
01g 0.21 0.16 0.14
02g 1.25 0.68 1.27
03g 2.56 1.32 2.86
04g 48.6 (failure) 2.87 5.80
05g - 4.72 7.50
0.6¢g - 9.07 12.72
0.7g - 13.32 15.34
08¢g - 32.62 (failure) 26.88
09¢g - - 119.52 (failure)
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Table 11

Damping ratio according to specimen condition.
Specimen Damping ratio (elastic state (E)) Damping ratio (failure state (F)) Ratio (F/E)
MWN-3 5.21 % 13.50 % 2.59
MWP2-2 6.97 % 11.33 % 1.63
MWPF5-2 4.85 % 22.28 % 4.59

5) The experimental results demonstrated that GFRP-STPU strengthening significantly improved the initial stiffness of masonry walls,
though stiffness degradation occurred due to GFRP debonding under repeated seismic loading. The damping ratio results indicated
that STPU primarily enhances ductility rather than stiffness. These findings suggest that STPU-based retrofitting offers a promising
alternative to conventional methods, providing improved energy dissipation and ductility. Further studies on long-term durability
and practical applications are recommended.
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