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Abstract: The authors developed two types of block systems, consisting only of main and key blocks,
without joint mortar, to improve the in- and out-of-plane seismic performances and enhance the
workability. Two types of block systems have different key block shapes. One is the peanuts shape,
and the other is the H shape. The proposed block systems have a half-height difference between
the main and key blocks, to significantly improve seismic performance in in- and out-of-plane
directions, compared to typical masonry wall with joint mortar. In this study, in order to evaluate
the out-of-plane seismic performance of the proposed block systems, two types of block walls are
experimentally investigated, including the typical block wall. Firstly, the shaking table tests are
carried out to investigate the fundamental out-of-plane behaviors of three specimens. Next, four-
point bending tests are planned to evaluate the out-of-plane seismic performance, since all specimens
do not occur the out-of-plane collapse in the shaking table tests from the preliminary calculation.
In this paper, the development of predominant period, profiles of acceleration and displacement,
and maximum tensile strength of each specimen are discussed in detail. As a result, the maximum
loads of the proposed block walls were about three to four times that of the typical block wall. This
result means that the proposed block system has significantly improved seismic performance in the
out-of-plane direction.

Keywords: unreinforced masonry; out-of-plane; main block; key block; shaking table test; four-point
bending test

1. Introduction

Unreinforced masonry (URM) buildings are the most representative construction
system, since the early ages of mankind. Most of them are constructed without the consid-
eration of earthquake design requirements or reference to any particular design code. It
is common that total or partial collapse of URM buildings occurs during an earthquake,
due to poor quality of materials and construction technology, as shown in Figures 1 and 2
(e.g., [1-6]). The low tensile strength, low ductility, and low ability to dissipate energy are
the main reasons for limiting the use of URM in middle- and high-seismicity regions. On
the other hand, masonry has several advantages as a structural material, such as thermal
and acoustic efficiency, economy, simple construction technology, excellent fire behavior,
and, usually, low embedded energy. Masonry has good durability and adequate perfor-
mance, with respect to healthy indoor environment, and can be effectively considered as
an alternative low-cost construction solution to low to medium rise residential buildings.
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Figure 2. Masonry wall damage of Northern Osaka earthquake, Japan (2018).

Increasing interest in this construction technique, in the last few decades, has resulted
in many experimental tests on in-plane URM sub-assemblages [7-11] and in-plane URM
buildings [12-18]. These studies have provided significantly valuable insights into in-plane
seismic performance on URM buildings.

On the other hand, in recent decades, there has been an increasing number of in-
vestigations focusing on the out-of-plane behavior (e.g., [19-22]). Despite the fact that
masonry walls are widely used in all over the world, there is only a limited number of
experimental studies addressing the out-of-plane behavior of masonry walls [23,24]. Thus,
the knowledge of their behavior and design provisions is limited. In general, URM walls
exposed to horizontal loads perpendicular to their plane are the most vulnerable elements,
in terms of failure mechanisms, as evidenced by post-earthquake damage observations of
both public and private buildings [13,14,16-18,25]. Due to the out-of-plane vulnerability of
URM walls, and the need to understand their behavior, a few experimental studies have
been conducted in the past (e.g., [3,4,26-29]).

Furthermore, some studies on mortar-free masonry units, considering the interlocking
mechanism, have been conducted (e.g., [30-33]). However, most of the studies are on brick
units with unevenness; there is no study targeting block units, this study does.

Under these backgrounds, the authors developed two types of new block systems,
consisting only of main and key blocks, without joint mortar, in consideration of seismic
performance and workability. Two types of block systems have different key block shapes.
One is the peanuts shape, and the other is the H shape. It is expected that the proposed
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masonry wall system will be applied mainly to low-rise masonry houses, masonry fences,
and infilled masonry walls in developing countries.

In the previous study, the proposed two types of concrete block walls, as well as a
typical concrete block walls, were experimentally investigated to evaluate the in-plane
seismic performance. In the tests, full-scale, single-story specimens were tested under static
cyclic in-plane loading, and failure patterns and cracks were carefully observed [34].

In this study, in order to evaluate the out-of-plane seismic performance of the proposed
block systems, two types of the proposed block walls were experimentally investigated,
including the typical block wall. Firstly, the shaking table tests were carried out to investi-
gate the fundamental, out-of-plane behaviors of three specimens. Next, four-point bending
tests were planned to evaluate the maximum tensile strength of out-of-plane direction of
each specimen, since all specimens do not occur the out-of-plane collapse in the shaking
table tests from the preliminary calculation. In this paper, the development of predominant
period, profiles of acceleration and displacement, and maximum tensile strength of each
specimen are discussed in detail.

2. Proposed Block Systems and Material Characteristics
2.1. Proposed Block Systems

The authors developed two types of concrete blocks to improve the seismic perfor-
mance, in both the in- and out-of-plane directions, and enhance the workability, without
the joint mortar [35]. The two types of concrete blocks only consist of main and key blocks,
and they have different key block shapes. One is the peanuts shape and the other is the H
shape, as shown in Figure 3.
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Figure 3. Two types of concrete block systems (unit: mm): (a) peanuts-shaped concrete block;
(b) H-shaped concrete block.

Since the masonry unit may expand in the process of demolding and curing, a gap of
1.5 mm was inserted between the main and key blocks, in consideration of these production
errors, as shown in Figure 3. As can be found in Figures 4 and 5, the proposed block systems
have half-height difference between the main and the key block. The main blocks, on both
sides of the wall, have half-sized key blocks, as shown in Figure 5. Although the behavior
of the masonry wall in the in- and the out-of-plane directions are different, a high seismic
performance in both directions can be expected because of the height difference formed in
the interlocking mechanism.
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Figure 4. Construction of the peanuts-shaped block wall using styrofoam model.
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Figure 5. Construction of the peanuts-shaped concrete block wall specimen.

2.2. Material Characteristics

Each concrete block’s material test results are shown in Table 1 (the average values
of three samples are shown in the table). The typical concrete block and peanut-shaped
concrete block were made by the normal cement-to-sand-to-water ratio of 1:3:0.5 used
in Korea. However, since the H-shaped concrete block has a higher cement ratio, the
compressive strength is the highest value among the three concrete blocks, as shown in
Table 1. The typical concrete block has three hollows inside and a half-sized hollow on both
ends. On the other hand, the peanut-shaped concrete block has the key blocks in hollow
parts of the main block. Therefore, the compressive strength of the peanut-shaped concrete
block is higher than that of the typical concrete block, because it is divided by the whole
area, including the hollow parts (=390 mm x 190 mm), and not the net area excluding the
hollow parts, as shown in Table 1. The weights of the typical concrete block, peanut-shaped
concrete block, and the H-shaped concrete block, including the key blocks, are 0.2, 0.3, and
0.36 kN, respectively. The compressive strength of mortar is 45.1 N/mm?.

Table 1. Mechanical properties of each concrete block.

Compressive Strength (N/mm?) 1
Typical Concrete Block Peanut-Shaped Concrete Block 2 H-Shaped Concrete Block 2
Block unit 8.8 14.9 22.0
Block prism 3 5.8 7.7 18.1

! to whole area (=390 mm x 190 mm), 2 with key blocks, and 3 3-layered specimen.
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3. Shaking Table Tests

As the first experimental series, in order to investigate the fundamental dynamic
out-of-plane behaviors, the shaking table tests were carried out. The details of the tests and
results are described below.

3.1. Test Specimens

In this study, three single-story, full-height, narrow specimens were designed and
fabricated supposing the single-story storage building, as shown in Figure 6: (a) typical
concrete block wall specimen with joint mortar (Specimen CB); (b) seismic block wall
with H-shaped key block without joint mortar (Specimen HS); (c) seismic block wall with
peanuts-shaped key block without joint mortar (Specimen PS). Their dimensions were
approximately 2000 x 800 x 190 mm (10 x 2 x 1 layers) in height, length, and thickness,
respectively. In this test, due to the restrictions of the experimental equipment, only the
central part (2 layers) of the wide wall was considered, which has larger out-of-plane
deformation because it is less affected by the transverse wall.

g 00000000 § dWHHE & 2QOR

- = J
o) = J
3 S S
790 800 ‘ ‘ 800
@ (b) (©

Figure 6. Details of typical and proposed concrete block wall specimens (unit: mm): (a) Specimen
CB; (b) Specimen HS; (c) Specimen PS.

The typical concrete block wall can resist only friction force to the horizontal load after
losing the adhesive force between concrete block and joint mortar. On the other hand, the
proposed concrete block wall systems are expected to have higher deformability, due to the
interlocking mechanism between the main and the key blocks, as shown in Figures 4 and 5.

3.2. Test Setup and Measurement System

The test setup of the shaking table test is shown in Figure 7. Masonry walls are
generally fixed to the slab and beam with mortar at the top and bottom, and the out-of-
plane behavior of the wall is formed by the behaviors of the building and the wall itself. In
this test, due to the restrictions of the experiment equipment, the behavior of the building
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was not reproduced, and only the out-of-plane behavior of the wall itself was considered. In
order to reproduce this constraint, the specimen was built within the steel frames, as shown
in Figure 7. To avoid the development of vertical force on the specimen, due to vertical
confinement by the steel frame, a vertical gap of approximately 20 mm was left between
the specimen and the top steel plate, whereas the specimen was tightly sandwiched by the
rigid L-shaped angles to prevent horizontal slip of the specimen on/at the bottom /top steel
plates during excitation. Thus, a roller condition with a freedom in the vertical direction
was created at the top by inserting Teflon sheet between the L-shaped angle and the block
wall, preventing vertical friction.

Top steel plate  L-shaped Top steel plate—pet——t—t—t—t—r

- = £ k3
Aluni (t=16mm) angle (t=16mm) 3 I
fram 3 le
* | C‘ -]
- % ‘ 1
<+—Bloc 3 Gap
z »ﬁ d = i
: Block
1 Steel Steel qf‘l’
- = angle angle |4 e
* 3 l‘ -
L-shaped arnge
d L j:!i b |
Shaking table Bottom steel plate (t=16mm) Shaking table Bottom steel plate (t=16mm)
(a) (b)

Figure 7. Shaking table test setup: (a) side view; (b) elevation view.

A shaking table of 2 x 2 m was used for the test. It had a maximum earthquake
acceleration of 8.9 m/s?, with a restricting weight of 1000 kg. To measure displacement
and acceleration over the specimen’s height during the test, six laser transducers and ten
accelerometers were installed at different locations, as shown in Figures 8 and 9.

10 A 1
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(] : Laser transducer w0z |15
B : Accelerometer
0
4
0
[
05 -
[
0
4
8:x-Directio’
4] 9:y-Direction
£ 116

Shaking Table

Figure 8. Measurement system.
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Figure 9. Overall view of test setup.

3.3. Test Program

In the current seismic design provisions of Korea, a response spectrum of S, with
5% of critical damping shown in Equation (1) can be obtained by the spectral response
acceleration at short-period parameter of Sps and the spectral response acceleration at
one second of Sp; shown in Equations (4) and (5), respectively [36]. Figure 10 shows the
spectral response acceleration determined by Equation (1). The parameters Sps and Sp;
were determined from Tables 2-5, respectively. In this study, site class Sp, at seismic zone I,
was selected, since the soil type of Korea mainly consists of stiff soil.

S
Sy = 0.6%T+0.45D5 for0< T < Ty

0
Sa = Sps for To < T < Ts (1)
Sq = S—ID,l forTs <T

where T and T are given by Equations (2) and (3).

Ty = 02501 )
Sps
Ty = S0 ©
DS
Sps =S x25xF,x2/3 4)

Sp1 =S xF,x2/3 @)
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Figure 10. Design acceleration response spectrum in Korea.

Table 2. Soil amplification parameter at short-period, F,.

Seismic Zone

Site Class
Ss <025  Sg=0.50 Sg=0.75

Sa 0.8 0.8 0.8

Sp 1.0 1.0 1.0

S Depth to bedrock: not less than 20 m 12 1.2 1.1
¢ Depth to bedrock: less than 20 m 14 1.4 1.3
S Depth to bedrock: not less than 20 m 1.6 14 1.2
b Depth to bedrock: less than 20 m 1.7 1.5 1.3
Sg 25 19 13

The value of Sg is obtained by multiplying S, shown in Table 5, by 2.5. The intermediate value of Sg is linearly interpolated.

Table 3. Soil amplification parameter at one second, Fy.

Seismic Zone

Site Class $<0.1 $=02 $=03

Sa 0.8 0.8 0.8

Sp 1.0 1.0 1.0

S 1.7 1.6 1.5 1.1
¢ 1.5 14 1.3 1.3
s 24 2.0 1.8 1.2
b 1.7 1.6 1.5 1.3
Sp 35 3.2 28

The value of S is shown in Table 5. The intermediate value of S is linearly interpolated.

Table 4. Site classes in Korea.

Site Soil Shear Wave Velocity St?rndard Penetration Undrained Shear
Class Class V. (m/s) est Blow Count Strfngth
N (/300 mm) S, (x10—3 N/mm?)
Sa Hard rock >1500 - -
Sp Rock 760-1500 - -
Sc Very dense soil, soft rock 360-760 >50 >100
Sp Stiff soil 180-360 15-50 50-100

SE Soft clay <180 <15 <50
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Table 5. Seismic zone factor corresponding to each zone.

Seismic Zone

I

I

Zone Seismic Zone Factor, S Remarks
All of zone, except
seismic zone II 0.228 “
North Gangwon pref.,
South Jeollanam pref., 014 ¢
Jeju pref. b

In this study, since the earthquakes of maximum acceleration level, specified in the
current seismic design provisions of Korea, have not occurred, a random Fourier phase
spectrum and deterministic time-envelope function were used to create an artificial seismic
wave. The duration envelope function of an artificial seismic wave used the method
suggested by a previous study, as shown in Figure 11 and Equations (6)-(12) [37]. The
magnitude of an earthquake, to determine the duration envelope function, was set to
M = 8.0, considering the maximum seismic intensity that can occur in Korea in the future.

A Rise portion | Maximum power portion Decay portion
1.0f--------=--=--
Quadratic /1 | Exponential
curve / i | fuction
- e R
0 T, T, T,

Figure 11. Duration envelope function.

Figure 12 shows the artificial seismic wave, obtained based on the above process,
and the maximum acceleration is approximately 2.5 m/s?. Figure 13 shows the elastic
acceleration response spectra of artificial ground motions, with 5% of critical damping,
corresponding to the design response spectrum at seismic zone 1 and site class Sp. In addi-
tion, the test was performed under 12 input stages, i.e., 10% (0.25 m/ s?), 30% (0.75 m/s?),
50% (1.25 m/s?), 75% (1.88 m/s?), 100% (2.5 m/s?), 120% (3.0 m/s?), 150% (3.75 m/s?), and
160% (4.0 m/s?), of 5 times of the artificial seismic wave.

Rise portion : 0<t<T, E(t) = (t/Tp)* (6)
Maximum power portion: T, <t < T E(t) =1.0 (7)
Decay portion : Te<t<Ty E(t) = ¢ "t-T0) 8)
a=—1In0.1/(T;—T.) )

Td — 100.31M—0.774 (10)

T, = [0.12 — 0.04(M — 7)]T, (11)

T, = [0.50 — 0.04(M — 7)]T; (12)

where

T,;: Excitation duration of an earthquake (s);
M: Magnitude of an earthquake (M = 8.0, herein).
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Figure 12. Artificial seismic wave.
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Figure 13. Elastic acceleration spectra of artificial ground motions.

3.4. Experimental Results of Shaking Table Tests
3.4.1. Failure Patterns

Figure 14 shows the failure patterns of each specimen after final excitation. As shown
in the figure, in Specimen CB, the cracks occurred at the top bed joint mortar and head
joint mortar during 150% (3.75 m/ s%) and 160% (4.0 m/s?) stages, respectively. Whereas in
Specimens HB and PB without joint mortar, no damage occurred, including the block unit,
until the final excitation.
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— : after 150% excitation = — : after final excitation

(a) (b) (0)
Figure 14. Final failure patterns: (a) Specimen CB; (b) Specimen HS; (c) Specimen PS.

3.4.2. Development of Predominant Periods

The predominant period of each specimen was calculated using the white noise data
input after the excitation of each stage. The development of the predominant period of
each specimen is shown in Figure 15. As the maximum acceleration level increases, the
damage of a wall generally progresses, and the predominant period increases. However, in
this test, no extension of the predominant period was observed any specimen, as shown
in Figure 15. This result is consistent with the fact that there was no noticeable damage
to each specimen until the final excitation. Furthermore, since there is a gap between the
main and key blocks in the proposed block system, the periods of Specimen HS and PS are
longer than that of Specimen CS in all stages.

0.20

—MB— Specimen CB
—Ml— Specimen HS
—H— Spemmen PS

e
—
)

0.10

Predominant period (sec)

o
()
S

| | | | 3 | ‘ ‘ 3
SRS SN SO SN U BN /- -_. ,,,,,,,, /'/-
I—-——-—-—-——-—' " |

\ \ \ H

0.00 1 1 1 1 1 1
o ° N o o
S ®°\° °§\ °>°°\ «‘g\ @\ »Q\Q SN B S S
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Y’ ?” ha & q’@} K@‘ %325 %_é
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Figure 15. Development of predominant period of each specimen.



Appl. Sci. 2021, 11, 11736

3.4.3. Acceleration and Displacement Profiles

Figures 16 and 17 show the acceleration and displacement profiles in each stage of
each specimen when the maximum values were recorded. As shown in the figures, the
acceleration and displacement values were the largest on the upper side than the center
in all specimens. This result is consistent with the wall constraints; that is, the bottom of
the wall is a fixed support, and the top of the wall is a roller support. In addition, due
to the presence of gap in the proposed block system, Specimens HS and PS has smaller

acceleration and larger displacement than Specimen CS.
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Figure 16. Acceleration profiles: (a) Specimen CB; (b) Specimen HS; (¢) Specimen PS.
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4. Four-Point Bending Tests

As the second experimental series, four-point bending tests were planned to evaluate
the maximum tensile strength of out-of-plane direction of each specimen, since all speci-
mens do not occur the out-of-plane collapse in the shaking table tests from the preliminary
calculation. The details of the tests and results are mentioned below.

4.1. Test Specimens and Test Setup

Since all specimens did not occur, the out-of-plane failure in the shaking table tests
was calculated in advance; the specimens used in the shaking table tests were used in the
four-point bending tests. Therefore, it is necessary to lay down each specimen to perform
the four-point bending tests. Figure 18 shows the overview of laying down work. The
specimen was carefully laid down, so that no force, other than self-weight of the specimen,
was applied. However, Specimen CB collapsed when the inclination angle & was 21°. The
force that caused the out-of-plane failure was 3.4 kN, using Equation (13).

Figure 18. Overview of laying work.

Since Specimen CB collapsed due to self-weight when it was laid down, the four-point
bending tests were conducted with Specimens HS and PS. Figures 19 and 20 show the
conceptual drawing, including bending moment diagram of Specimen PS, and overall view
of the four-point bending test, respectively.

F=m-g-.cosa =3.4kN (13)

where

m: Wall weight of Specimen CB (=377 kg, herein);
¢: Gravitational acceleration (=9.8 m/s?);
«: collapsed inclination angle (=21°).
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Figure 19. Conceptual drawing of four-point bending test of Specimen PS (unit: mm).

Figure 20. Overall view of four-point bending test.

4.2. Maximum Tensile Strength of Specimens HS and PS

In this study, the maximum tensile strength by the four-point bending tests was
calculated to evaluate the out-of-plane seismic capacity of the proposed block system. In
calculating the maximum tensile strength, it was assumed that the center of inflection point
of stress was on the upper surface of the wall and only the key block resisted, as shown in
Figure 19.

First, the maximum bending moment (Mmax) is calculated from the maximum load
acting on the specimen, as shown in Figure 19. Next, the tensile stress is calculated
assuming that the value of Mmax is the same as the resistance moment, due to the tensile
force (T) and the distance (X) from the centroid to top, as shown in Figure 19. To simplify
the calculation, the key block was replaced with two types of rectangular cross sections
with the same area of H shape or peanuts shape, as shown in Table 6. In the simplification
Method 1, the horizontal length of the key block was set to be the same as the horizontal
length of the original key block; in the simplification Method 2, the average value of the
longest and concave vertical lengths of the original key block was set as the vertical length.
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Table 6. Simplification method of cross-sectional area of key block (Specimen PS).

Original Wall Cross Section Simplified Cross Section

1. Same horizontal length of key block

Table 7 shows the maximum loads and tensile strengths obtained from test results and
calculation results, based on the above assumption. As shown in Table 7, the tensile stresses
of the key block were almost the same, regardless of cross-section replacement methods of
the key block. From the four-point bending tests, the tensile stresses of Specimen HS and PS
were 0.87 to 0.89 N/mm?, which were almost the same results. Comparing the maximum
loads of the proposed block system, shown in Table 7, and Specimen CS, described in
Equation (13), the maximum load of Specimen CS is about 1/4 to 1/3 of that of Specimens
HS and PS. This result means that the proposed block system has significantly improved
seismic performance in the out-of-plane direction.

Table 7. Maximum load and tensile stress.

Simolification Maximum Maximum Distance from Tensile Strength Tensile
Specimen I\/IEe thod Load Bending Moment Centroid to Top of Key Block Stress
Pmax (kN) (kN-m) X (mm) (kN) (N/mm?)
Specimen 1 106.5 41.7 0.89
HS 2 148 444 106.3 417 0.89
Specimen 1 99.7 379 0.88
PS 2 126 3.78 100.8 37,5 0.87

5. Conclusions

The current paper presented the out-of-plane experimental tests of the two types of
new concrete block walls, as well as a typical block wall, and investigated the development
of predominant period, profiles of acceleration and displacement, and maximum tensile
strength of each specimen. The following major findings were obtained:

(1) From the shaking table test results, no extension of the predominant period was
observed in all specimens, and this result was consistent with the fact that there was
no noticeable damage to each specimen, until the final excitation. Since there was
a gap between the main and key blocks in the proposed block system, the periods
of Specimen HS and PS were longer than that of Specimen CS in all stages. The
acceleration and displacement values were the largest on the upper side than the
center in all specimens. This result is consistent with the wall constraints, which,
at the bottom and top of the wall, were the fixed roller supports, respectively. In
addition, due to the gap in the proposed block system, Specimens HS and PS had
smaller acceleration and larger displacement than Specimen CS.

(2) During the laying works, Specimen CB collapsed when the inclination angle was 21°,
and the force that cause the out-of-plane failure was 3.4 kN.
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(3) From the four-point bending test results, the tensile stresses of the key block were
almost the same, regardless of rectangular cross-section replacement methods of the
key block. The tensile stresses of Specimen HS and PS were 0.87 to 0.89 N/mm?,
which were almost the same results. Furthermore, the maximum load of Specimen
CS was about 1/4 to 1/3 of that of Specimens HS and PS. This result means that
the proposed block system has significantly improved seismic performance in the
out-of-plane direction.

The current paper focused only on the out-of-plane experimental behavior. The
experimental data should be investigated from numerical perspectives in future studies.
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