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Shale fired heat-insulation block, which is made of shale, fly ash, building rubbish, and waste paper, is a new type environment-
friendly product. In order to study the mechanical properties of shale fired heat-insulation block walls, four full-scale walls were
tested under El-Centro, Taft, and Ninghe earthquakes using shaking table equipment, in which the influence of the spacing of cast-
in-place belt and the connection between the wall and the frame on the out-of-plane seismic performance of the wall was taken
into account. &e subject of this study is mainly about out-of-plane dynamic response of masonry walls in terms of frequency,
displacement, and acceleration. It could be concluded that the cast-in-place belt and the rigid connection between wall and RC
frame could effectively reduce the out-of-plane seismic response of the infill masonry wall. Finally, the recommendations for the
use of this type of block in the structure are given.

1. Introduction

Masonry walls, whether in traditional rural masonry
structures or urban high-rise buildings, are widely used. &e
effect of earthquake should be considered in the process of
structural design in most areas of China [1]. Especially on
May 12, 2008, the Wenchuan earthquake led to the collapse
of about 6,945,000 buildings [2]. Most of the buildings that
collapsed or seriously damaged could be considered as brick
masonry construction [3]. So in order to provide the basis
for the analysis of monolithic structure, it is necessary to
study the mechanical performance of the masonry walls
subjected to earthquakes.

Because of economic factor, unreinforced masonry walls
are still used in some regions of low to moderate seismicity.
Salmanpour et al. [4] introduced the effects of various factors
on the displacement capacity of unreinforced walls, i.e., unit
type, vertical precompression level, aspect ratio, size, and
boundary conditions. Snoj and Dolšek [5] gave the fragility

functions of unreinforced masonry walls built from hollow
clay units. Sajid et al. [6] investigated the effect of vertical
stresses and flanges on the lateral in-plane response of the
unreinforced brick masonry walls, and it could be concluded
that the two factors significantly improved seismic response
of URBM walls. Rosti et al. [7] studied the seismic perfor-
mance of unreinforced masonry concrete blocks, and the
analytical method was used to verify the test results. But in
practical engineering, reinforced masonry wall is more
widely used, and there is a lot of research on testing the
seismic response of reinforced masonry walls.

&e in-plane mechanical properties of steel frames or
concrete frames infilled with masonry can be found in the
literature [8–13], and unreinforced masonry walls, being
reinforced by steel frames or concrete frames, could also be
strengthened with other methods [14–18]. A substantial
amount of research studies on the analysis model of masonry
walls has been invested on the response of the masonry walls
[19–23]. Besides the in-plane performance, masonry walls
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often suffer from out-of-plane damage in earthquakes, as
shown in Figure 1, so the out-of-plane performance of
masonry walls is also common in the existing literature.
Kariou et al. [24] investigated the out-of-plane response of
masonry walls strengthened with textile-reinforced mortar
(TRM), and the results suggested that TRM significantly
increased the load-bearing capacity of masonry walls. Anil
et al. [25] studied the out-of-plane behavior of walls
strengthened by CFRP materials, and it could be observed
that the applied strengthening method improved the per-
formance of masonry infill walls against out-of-plane forces.
Sokairge et al. [26] investigated the behavior of PT dry-
stacked interlocking masonry (DSIM) walls under out-of-
plane loading. Compared with conventionally reinforced
walls, this method could achieve a remarkable increase in the
cracking load triple, in addition to improving the durability
and enhancing the appearance. Shermi and Dubey [27] used
welded wired mesh (WWM) to strengthen the masonry, and
the results show that WWM could enhance the flexural
strength and ductility of masonry. Some researchers also
used shaking table tests to study the out-of-plane perfor-
mance of masonry walls. Nezhad et al. [28] described an
experimental procedure of three “I” shaped half-scale
bearing masonry walls, which were strengthened by fiber-
reinforced composites. &e results revealed that FRP rein-
forcement could improve the out-of-plane performance of
masonry walls. Paton-Cole et al. [29] summarized the results
of the shaking table test conducted on a full-scale steel-
framed brick veneer house, which exhibit good performance
under serviceability and ultimate conditions in New Zea-
land. Graziotti et al. [30] studied the performance of four
full-scale single leaf and one full-scale cavity URM walls
through dynamic tests, and the results show that despite
sustaining accelerations of 1.0 g without any damage, the
specimens exhibited a rather brittle response.

&e block used in this paper is made of shale, fly ash,
crushed bricks, and pore-inducing materials, which could
minimize the harm to the environment, as given in Figure 2.
&e heat transfer coefficient of shale fired heat-insulation
block wall is 0.727W/(m2·K), which is much lower than that
of the fired common brick [31]. Considering that the
compressive strength of shale fired heat-insulation block and
the in-plane performance of masonry walls have been
studied [31], this paper mainly investigates the out-of-plane
seismic performance of masonry walls strengthened with RC
frames. Compared with cyclic loading tests, shaking table
tests could reflect the response of the masonry wall under the
actual earthquake, so the tests are carried out on a shaking
table using seismic waves corresponding to the seismic
characteristics of the location of the research project. In
order to study the role of the spacing of cast-in-place belt and
connection modes between the infill wall and frame, four
full-scale single-layer single-span infilled frame specimens
are designed through the orthogonal test.

2. Experimental Program

2.1. Specimen Design. &e block used in this study is pro-
duced in Xinjiang province, China. &e dimensions of the

block are shown in Figure 3. &e void ratio is 54%.&e main
components of the mortar are cement and chemical addi-
tives, which could guarantee the bonding strength when the
thickness is relatively thin (1mm∼2mm). &e compressive
strength of the block andmortar are 11.4MPa and 17.5MPa,
respectively.

Orthogonal experiment is an effective method to solve
multifactor test problems. &e factors that affect the test
indicators are called experimental factors, generally indi-
cated by A, B, C, etc. &e state or condition of the change of
the factor is called the level of the test factor, generally
indicated by 1, 2, 3, etc. In this paper, the orthogonal ex-
periments are designed as three factors and two levels, in-
cluding the connection between the infilled wall and the
frame and cast-in-place belt spacing, which demonstrate the
out-of-plane seismic response of the masonry walls, as
shown in Table 1.

Based on Table 1, four full-scale single-layer single-span
infilled frame specimens are built. Number and type of the
specimens are given in Table 2.

In Figure 4, the “W” indicates “Wall.” &e gap is filled
with mortar or polyurethane foaming agent, so as to reflect
the connection condition between the infill wall and frame.
&e cast-in-place belt is designed to improve the mechanical
performance of the wall. &e strain gauge, acceleration
sensor, and displacement sensor are used to measure the
strain of steel bar, acceleration, and displacement of the
specimens, the location of which are shown in Figure 4.

2.2. Material Properties. &e steel reinforcement and con-
crete used in each component in the masonry wall are shown
in Table 3, and the reinforcement drawing is given in Figure 5.
&e mechanical properties of the steel reinforcement could
be seen in Table 4.

2.3. Loading Procedure. &e shaking table can simulate
earthquake wave up to 50Hz, with 1.5 g acceleration in x
direction and 1.0 g acceleration in y and z directions. &e
table with 4.1m× 4.1m dimension is characterized by three
degrees of freedom, as shown in Figure 6. According to the
seismic requirements of the area where the block is used, El-
Centro, Taft, and Ninghe records are chosen to investigate
the out-of-plane seismic performance of masonry walls, as
shown in Figure 7. &e scheme of the loading test is given in
Table 5. In this table, PGA is the peak ground acceleration
and g is the acceleration of gravity. According to different
loading steps, the acceleration amplitude of El-Centro wave
is adjusted on the basis of the peak value of acceleration of
earthquake. White noise is used to scan the frequency of the
wall.

3. Experimental Results and Discussion

3.1. Experimental Phenomena. In general, cracks mainly
appeared at the bottom of the wall when the test was fin-
ished, as illustrated in Figure 8. When the peak acceleration
was 0.5 g or 0.6 g, cracks first appeared at the bottom of the
columns or wall. When the input acceleration continued to
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increase, more cracks appeared at the bottom, and some
cracks joined together when the walls were broken. For W-2
and W-3, cracks basically penetrated the bottom of the wall
at the end of the experiment, while for W-1 and W-4, the
bottom cracks did not penetrate the wall completely. &ere
were a small number of fine cracks in the upper part of the
four walls, while the damage degrees of walls were not
particularly serious.

Comparing the failure phenomena of four specimens,
the damage of W-4 is slightest, while the damage of W-2 is
most serious, which show that different measures have a

great influence on the out-of-plane seismic response of the
infill wall.

3.2. Natural Frequency of the Wall. &rough white noise
scanning, variation of natural frequencies of specimens can
be seen in Figure 9. It could be found that after the first four
white noise scanning, the frequency changes of specimens
are very small. When the 6th white noise scanning is carried
out, the frequency of the specimens decreases greatly, which
indicates that the damage of the wall is greater and the
stiffness is significantly reduced.

Building rubbish

Shale

Power plant

Waste paper

Fly ash

Powder of shale

Powder of brick

Paper pulp

Block

Figure 2: Raw materials of the block.

(a) (b)

Figure 1: Out-of-plane failure of walls (Wenchuan earthquake, May 12, 2008).
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&e decrease rates of natural frequencies of W-1∼W-4
are 11.29%, 16.61%, 15.49%, and 9.96%, respectively, which
show that the connection between infilled walls and frame
beams has a great influence on the stiffness degradation of
specimens. &is is because when the wall begins to break
down, due to the tight connection at the top of the wall, the
arch bearing mechanism plays a role in improving the out-
of-plane bearing capacity of the masonry wall [32].

3.3. Analysis of Wall Acceleration Response. &e maximum
acceleration of the wall generally appears at the top of the
wall, as shown in Figure 10. At the initial stage of loading, the
specimen is basically in the elastic state, so the acceleration of
the specimen increases with the increasing of peak input

acceleration. With the process of experiments, different
degrees of damage will occur inside and outside the wall,
resulting in the continuous reduction of stiffness and an
increase in damping, so the acceleration amplification co-
efficient of specimen decreases. However, when the failure
occurred to a certain extent, the acceleration amplification
coefficient of the specimen increased again until the spec-
imen is further damaged (the middle part of W-1∼W-4, the
upper part of W-1 and W-2).

At the same time, it could be found from Figure 10 that
comparing with connection between infilled wall and col-
umn, the connection between infilled wall and beam can
improve the out-of-plane seismic performance more effec-
tive, and also, a smaller cast-in-place spacing can enhance
the out-of-plane mechanical properties of the wall.

Table 1: Orthogonal experiment list.

Levels

Experimental factors
A

&e connection of infilled wall with
column

B
Spacing of cast-in-place belt

(mm)

C
&e connection of infilled wall with beam

1 Infilled wall and columns are connected
by mortar 1250 Infilled wall and beam are connected by steel bar, being

filled with mortar

2 Infilled wall and column are not
connected 750 Infilled wall and beam are connected by steel bar

Table 2: Types of masonry wall.

Number &e connection of infilled wall with column Spacing of cast-in-place belt (mm) &e connection of infilled wall with beam
W-1 Unconnected 1250 Connected by steel bar and mortar
W-2 Connected by mortar 1250 Connected by steel bar
W-3 Unconnected 750 Connected by steel bar
W-4 Connected by mortar 750 Connected by steel bar and mortar
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Figure 3: Fired shale heat-insulation block (mm). (a) External dimensions. (b) Hole dimensions.
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3.4. Analysis of Wall Displacement Analysis. Relative dis-
placement of different positions of walls is given in Figure 11.
&e relative displacement refers to the difference between
the displacement of the specimen and the ground beam.
Because the displacement of the lower part of the wall is
basically the same as that of the ground beam, only the
relative displacement of the upper and middle part of the
wall is given in Figure 11.

With the increasing of peak input acceleration, the
relative displacement of the specimens increases gradually,

and the relative displacement along the height direction is
also increasing. Compared with the other specimens, W-3
has larger maximum relative displacement. When the input
acceleration of the shaking table is 0.8 g, the maximum
relative displacement ofW-3 increases rapidly, meaning that
the seismic response of W-3 is intensified and its defor-
mation ability is strong.

&e interstory displacement angle of the wall under
common earthquake intensity is shown in Table 6.
According to the requirements of Chinese code [1], the limit
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Figure 4: Design of specimens (mm) and instrumentation arrangement. (a) W-1. (b) W-2. (c) W-3. (d) W-4.

Table 3: Type of materials.

Component Longitudinal reinforcement Stirrup Concrete strength (MPa)
Beam C20, C22 A10 35.2
Column C20 A10 35.2
Cast-in-place belt A10 A6 21.3
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Table 4: Strength of steel bar.

Type Diameter (mm) Yield strength (MPa) Ultimate strength (MPa) Elastic modulus (MPa) Yield strain (10−6)
A6 6.0 276 475 2.1× 105 1314
A10 10.0 283 484 2.0×105 1415
C20 20.0 415 560 2.0×105 2075
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Figure 5: Reinforcement drawing. (a) Column. (b) Beam. (c) Cast-in-place belt.
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Figure 6: Shaking table system and specimen. (a) Shaking table system. (b) Specimen.

0 10 20 30 40 50

–300

–200

–100

0

100

200

300

400

Time (s)

Ac
ce

le
ra

tio
n 

(c
m

/s
2 )

(a)

0 10 20 30
–200

–100

0

100

200

Time (s)

Ac
ce

le
ra

tio
n 

(c
m

/s
2 )

(b)

Figure 7: Continued.
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Table 5: Loading procedure.

Number Loading condition PGA Number Loading condition PGA Number Loading condition PGA (g)
1 White noise 0.05 8 Ninghe wave 0.10 15 El-Centro wave 0.50
2 El-Centro wave 0.05 9 White noise 0.05 16 White noise 0.05
3 Taft wave 0.05 10 El-Centro wave 0.15 17 El-Centro wave 0.60
4 Ninghe wave 0.05 11 El-Centro wave 0.20 18 El-Centro wave 0.70
5 White noise 0.05 12 White noise 0.05 19 El-Centro wave 0.80
6 El-Centro wave 0.10 13 El-Centro wave 0.30 20 El-Centro wave 0.90
7 Taft wave 0.10 14 El-Centro wave 0.40 21 White noise 0.05

(a) (b)

Figure 8: Continued.
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Figure 7: Acceleration time history curves of earthquakes. (a) El-Centro record. (b) Taft record. (c) Ninghe record.
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values of elastic interstory displacement angle under fre-
quent earthquake is 1/550 and elastic-plastic interstory
displacement angle under rare earthquake is 1/50 in the area
where the block is used. For frequent earthquake, the peak
input acceleration is established as 0.07 g and 0.11 g, re-
spectively, while the peak acceleration of rare earthquake are
0.40 g and 0.50 g [1]. Because of the setting of the loading
steps in this test, the peak acceleration of frequent earth-
quake is replaced by 0.10 g and 0.15 g, respectively, which can
guarantee the reliability of the results. All the walls can meet
the norms, showing that reinforcement measures could
improve the out-of-plane deformation performance of walls.

3.5. Strain Analysis of Steel Bar. &e maximum strain of the
steel bar in the cast-in-place belt measured at different
positions is described in Figure 12. Note that if the gap
between the wall and the beam is filled with mortar (W-1

and W-4), the stress of the cast-in-belt can be effectively
reduced, indicating that connection between the wall and
beam can improve the out-of-plane mechanical perfor-
mance of the specimen.

It can be drawn that the maximum strains of W-1∼W-4
are 32.47×10−6, 46.31× 10−6, 296.46×10−6, and
93.27×10−6, respectively. &e stress of reinforcing bar could
be calculated according to Hooke’s law:

σ � Eε, (1)

where E is the elastic modulus and ε is the strain.
It could be obtained that the maximum stress of the steel

bar is 59.29MPa, which is much smaller than the yield
strength, showing that the performance of cast-in-place belt
is reliable.

3.6. Analysis of Orthogonal Test. According to seismic re-
quirements for buildings in China, this paper mainly studies
the response of relative displacement and acceleration
amplification coefficient of walls under different input ac-
celerations, and then the orthogonal experiment method is
used to analyze the test results, as shown in Tables 7 and 8.
Here, xi is calculated through the synthetic weighted mark
method [33], I and II are the estimates of the horizontal
effects of 1 and 2 on each corresponding column (factor), K1
and K2 are the comprehensive average value of level 1 and
level 2, and R is range.

When the input acceleration is 0.9 g, the relative dis-
placement of W-3 has a sudden increase, meaning that the
specimen has been damaged, so the value of this column is
rounded off. From Tables 7 and 8 and Figure 13, it could be
concluded as follows:

(1) According to the magnitude of R, the important
order of the factors is B⟶ C⟶ A, showing that
the spacing of cast-in-place belt has the greatest
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Figure 8: Condition of walls at the conclusion of testing. (a) W-1. (b) W-2. (c) W-3. (d) W-4.
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Figure 11: Continued.
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influence, followed by the connection mode between
walls and frame beams, and the connection mode
between walls and frame columns has the least
influence.

(2) &e strongest and weakest combinations are deter-
mined based on the primary and secondary condi-
tions of the factors and their respective horizontal
displacements and acceleration amplification coef-
ficient. &e strongest combination is A1B2C1
(connection between the wall and constraining

frame is rigid, and the cast-in-place belt spacing is
750mm), and the weakest combination is A2B1C2
(connection between the wall and constraining
frame is flexible, and spacing of the cast-in-place belt
is 1250mm).

4. Recommendations

&e three-dimensional model of the specimen is shown
in Figure 14. Based on the experimental results and

W-1
W-2

W-3
W-4

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

2

4

6

8

10

12

M
ax

im
um

 re
lat

iv
e d

isp
la

ce
m

en
t (

m
m

)

PGA (g)

DS2

DS1

DS3

(b)

Figure 11: Relative displacement of the wall. (a) In the middle of the wall. (b) At the top of the wall.

Table 6: Interstory displacement angle.

Number
Interstory displacement angle of

frequent earthquake
Interstory displacement angle of rare

earthquake
0.10 g 0.15 g 0.40 g 0.50 g

W-1 1/3261 1/2913 1/723 1/580
W-2 1/2970 1/2778 1/680 1/540
W-3 1/5263 1/3488 1/1068 1/668
W-4 1/6383 1/3571 1/1099 1/787
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Figure 12: Strain of steel bar in the cast-in-place belt.
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discussion, some design suggestions can be put forward as
follows:

(1) Although the out-of-plane mechanical properties of
specimens, whose wall and column is connected
only by steel bars, can meet the requirements of the
code, considering the force transfer of specimens
subjected to in-plane loads, the gaps between beams
and columns should be filled with mortar or
concrete.

(2) Based on the needs of construction, the connection
method between the wall and beam can choose the
two methods used in this paper, because both
methods can ensure the usage requirements of the
wall.

(3) &e cast-in-place belt can effectively improve the
out-of-plane performance of the specimen. So when
designing the structures, the cast-in-place belt
should be added to the masonry wall.

Table 7: Analysis of result of displacement at the top of the wall.

Specimen
Test factors Displacement at top of the wall (mm)

A B C 0.05 g 0.1 g 0.15 g 0.2 g 0.3 g 0.4 g 0.5 g 0.6 g 0.7 g 0.8 g xi

W-1 2 1 1 0.33 0.92 1.03 1.36 2.09 4.15 5.17 6.41 7.91 9.02 38.40
W-2 1 1 2 0.41 1.01 1.08 1.57 2.21 4.41 5.56 7.65 7.97 10.55 42.42
W-3 2 2 2 0.25 0.57 0.86 1.30 1.64 2.81 4.49 5.80 8.16 10.69 36.57
W-4 1 2 1 0.23 0.47 0.84 0.94 1.32 2.73 3.81 4.86 7.15 8.20 30.56
I 80.82 74.97 78.99
II 67.13 72.98 68.96
K1 40.41 37.49 39.50
K2 33.57 36.49 34.48
R 6.84 1.00 5.02

Table 8: Analysis of result of acceleration amplification coefficient at the top of the wall.

Specimen
Test factors Acceleration amplification coefficient at top of the wall

A B C 0.05 g 0.1 g 0.15 g 0.2 g 0.3 g 0.4 g 0.5 g 0.6 g 0.7 g 0.8 g 0.9 g xi

W-1 2 1 1 2.01 2.14 2.01 2.06 1.96 1.95 1.90 2.05 2.03 1.92 1.95 21.98
W-2 1 1 2 2.15 2.33 2.18 2.08 2.03 1.94 1.95 2.12 2.15 1.93 1.92 22.78
W-3 2 2 2 1.84 1.89 2.04 2.03 1.82 1.84 1.88 1.81 1.77 1.70 1.63 20.25
W-4 1 2 1 1.65 1.66 1.73 1.88 1.77 1.68 1.67 1.58 1.54 1.55 1.54 18.25
I 44.76 42.23 43.03
II 38.50 41.03 40.23
K1 22.38 21.12 21.52
K2 19.25 20.52 20.12
R 3.13 0.60 1.40

Displacement Acceleration amplification coefficient
0

1

2

3

4

5

6

7
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Figure 13: Comparison of range of different test factors.
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5. Conclusions

&e results of experimental investigation on the out-of-plane
performance of masonry walls, consisting of four shaking
table tests on full-scale walls made of shale fired heat-
insulation block, were presented and discussed. Several
parameters affecting the out-of-plane properties of the
infilled frame were tested. &e obtained results could be
summarized as follows:

(1) &e cracks of the wall in the case of out-of-plane
failure mainly concentrate on the joints at the bot-
tom of the wall and the bottom of the column.

(2) Compared with flexible connection, rigid connection
between walls and beam has stronger arch mecha-
nism, slower frequency decline, and larger out-of-
plane stiffness. &e frequency changes of rigid or
flexible connection between the wall and column are
basically the same.

(3) &e spacing of cast-in-place belt has the biggest
influence on the out-of-plane performance of ma-
sonry walls, followed by the connection modes be-
tween the wall and beam and column. When the
spacing of cast-in-place belt is 750mm, the wall and
frame are rigidly connected and the out-of-plane
seismic response is the smallest.
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