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*is paper presents the cyclic loading test results of a new type of fired shale hollow block masonry walls. Six specimens were
designed including two specimens without reinforcements (bare walls) and four specimens constrained by structural columns
(reinforced walls). *e influences of aspect ratio, vertical compressive stress, and structural column on the seismic performance of
the specimens were investigated. *e failure mode, bearing capacity, ductility, stiffness degradation, and energy dissipation of
specimens were analyzed. *e results showed that the crack patterns of specimens changed from the horizontal straight shape
(bare walls) to “X” shape (reinforced walls), and the corresponding bearing capacity, ductility, stiffness degradation, and energy
dissipation of the specimens were improved. With the increase of the vertical compressive stress, the ductility and the secant
stiffness of the specimens increased. Moreover, with the decrease of aspect ratio, the bearing capacity and secant stiffness of the
masonry walls increased, while the energy dissipation capacity decreased. *is paper confirms that fired shale hollow block walls
could meet the seismic requirements through appropriate design, which could promote the application of this new type of block in
civil engineering.

1. Introduction

As a type of traditional masonry material, fired clay brick has
been widely used in the world for thousands of years. For
instance, clay has been used to manufacture sintered bricks
for more than 3000 years in China [1]. *e annual pro-
duction of fired clay bricks is about 600 billion pieces in
China, which is approximately equivalent to a farmland with
0.47 billion square meters [2]. Accordingly, the application
of shale as masonry material has an adverse effect on the
environment. Hence, researchers begin to investigate the
possibility of using natural materials and waste as masonry
materials, such as sedimentary rocks (e.g., tuffs and shale)
[3–6], and agricultural or industrial waste (e.g., the husk of
crops, sawdust, sludge, coal fly ash, and GRP dust) [7–13].
*ese studies show that it is possible to replace clay entirely
or partially as masonry wall materials by other materials.
Among these materials, the shale, which is created by de-
hydration and cementation of clay, gradually becomes a

research hotspot. It is widely distributed in western China
and easy to be exploited. *erefore, the application of shale
could effectively reduce the cost of raw materials and protect
the environment [14].

*ere have been some researches on the shale as building
materials. Parras et al. [15] introduced the mineralogical and
ceramic characteristics of three Ordovician shales from the
Ciudad Real province, and firing tests were conducted. *e
results indicated that the optimal sintering temperature was
between 1100°C and 1150°C, and the linear shrinkage and
water absorption met the requirement of specifications for
the manufacture of red stoneware. Similar tests were con-
ducted by Hajjaji and Khalfaoui [16]. *e above two test
results confirm that the ceramic properties of shale under
high temperatures meet the requirement of fired bricks. Li
et al. [17] investigated the sintering temperature on the
characteristics of fired shale brick mixed with industrial
waste. *e test results presented that with the increase of
sintering temperature, the water absorption and apparent
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porosity decreased, and the shrinkage increased, indicating
that the sintering temperature has a significant influence on
the brick properties. *is result was similar to the study of
Liu [18]. Moreover, the water absorption of brick could
significantly affect the durability of the bricks; thus, Griffin
et al. [19] measured the sorptivity, porosity, and pore size of
five types of fired bricks, the result showed that water
sorptivity was related to whether the organic carbon content
of shale was burned out during the firing process.

Compressive strength is an important index to deter-
mine whether the fired shale brick could be used in engi-
neering. Besides, fired shale bricks are often manufactured
with a high void ratio, which has adverse effects on the
compressive strength of brick. Xie [20] studied the effect of
hole type, length-width ratio, arrangement type and quantity
of hole, and void ratio on the thermal and mechanical
performances of fired shale hollow block, and the com-
pressive strength of the block with best thermal insulation
performance was 5.35MPa, which met the requirements of
Chinese standard GB/T 13454-2014 [21]. *e compressive
strength of the fired shale hollow block could even reach a
value of 11.1MPa [22], indicating that the mechanical
properties of fired shale block are reliable.

Besides the compressive strength, the seismic response of
masonry walls is a more effective way to reflect the failure
mode of masonry structures. At present, there are few
studies on the mechanical properties of fired shale block
walls. *erefore, this paper mainly refers to the testing of
walls made of fired clay bricks or concrete blocks. Sal-
manpour et al. [23] investigated the displacement capacity of
unreinforced masonry walls, in which the vertical pre-
compression and aspect ratio were considered. *e results
presented that the displacement decreased with the increase
of vertical precompression, while the decrease of aspect ratio
resulting in an increase in the displacement of walls. Sajid
et al. [24] studied the effects of vertical stress and flanges on
the lateral in-plane response of unreinforced masonry walls.
*e experimental results indicated that both vertical stresses
and flanges incorporation significantly improved the seismic
performance of walls. Similar experiment was also con-
ducted by Chi et al. [25]. Compared with unreinforced
masonry walls, the reinforced masonry walls exhibit better
seismic performance. *e materials of reinforced compo-
nents could be reinforced concretes or steels. Markulak et al.
[26] introduced the behavior of steel frames with different
types of blocks and found that the failure mode of specimens
exhibited ductility characteristics. Wang et al. [27] carried
out an experimental study on 16 masonry walls with precast
concrete interlocking structural columns. *e results
showed that the low vertical stresses reduced the lateral
capacity of walls, and the fabricated columns could improve
the seismic performance of walls. Grouted reinforced ma-
sonry walls could also show good seismic performance
[28–30]. Concrete blocks are also widely used in recent
years, Liu et al. [31] used recycled concrete hollow blocks to
construct five masonry shear walls, and the seismic per-
formance of specimens was carried out by cyclic loading
tests. *e results demonstrated that the aspect ratio, com-
pressive stress, and structural columns would affect the

seismic performance of the concrete hollow block walls. *e
in-plane seismic performance of masonry walls was sig-
nificantly affected by the walls in the orthogonal direction
[32]; therefore, the relationship between the longitudinal
and lateral walls should not be ignored.

Masonry walls are also usually used as infill walls in RC
frames. De Risi et al. [33] summarized the in-plane behavior
and damage assessment of masonry infill walls in RC frames.
*rough the comparison of numerical simulation and ex-
perimental results, the drift-based fragility functions were
considered as a key point to estimate the damage of the infill
walls. Furtado et al. [34] established a macromodel to ac-
count for the out-of-plane behavior infill masonry (IM)
walls, which included the corresponding interaction be-
tween in-plane and out-of-plane. In another paper of
Furtado et al. [35], different strengthening techniques were
adopted to investigate the seismic performance of soft story
as well as the influence of the presence of IM walls on the
structural behavior.*e results indicated that the addition of
steel braces with an energy dissipation device was the most
efficient strengthening technique. Compared with the failure
mode of bearing masonry walls in masonry structures, the
crack patterns of infill masonry walls in RC frames were also
horizontal straight shape or “X” shape [36, 37].

In summary, the in-plane performance of masonry walls
could be used to study the mechanical properties of masonry
structures. Considering the lack of knowledge on the fired
shale hollow blocks, especially the feasibility of application in
engineering, the cyclic loading tests could be conducted to
investigate the seismic performance of fired shale hollow
block walls.

In this paper, a new type of fired shale hollow block is
used to construct masonry walls. *e compressive strength
of this type of block has been obtained [38]. In order to
investigate the influence of aspect ratio, vertical compressive
stress, and the structural columns on the seismic perfor-
mance of masonry walls, six specimens are fabricated: two
bare walls with different aspect ratios and four reinforced
walls with different aspect ratios and vertical compressive
stress. *e seismic behavior of the specimens, such as failure
modes, hysteresis curves, envelope curves, ductility, stiffness
degradation characteristics, and energy dissipation capacity,
is discussed.

2. Experimental Program

2.1.Materials. *enew type of fired shale hollow block, with
a void ratio of approximately 50%, was provided by
Chongqing Jukang Building Materials Co., Ltd (Figure 1),
and the dimension of the block was
240mm× 200mm× 190mm. In order to ensure the bond-
ing effect between the blocks, ordinary cement mortar with a
standard 28 d strength grade of 5.34MPa was used as the
binder, in which the 28 d strength grade of cement was
32.5MPa, and the mixture proportion of mortar is given in
Table 1. To reduce the variables during the test, the prop-
erties of the mortar used in all the specimens were the same.
*e yielding strength of longitudinal rebars and stirrups was
335MPa and 235MPa, respectively.
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*e failure phenomena of fired shale hollow block under
compressive stress is given in Figure 2, through which it
could be obtained that splitting cracks appeared in the
corners when the block was broken. *e compressive test
results of fired shale hollow block and mortar are shown in
Tables 2 and 3. For fired shale hollow block, the value of the
coefficient of variation was 15.55%, which met the re-
quirement of Chinese standard GB/T13545-2014 (21%) [21],
while for mortar, the difference between the maximum value
or minimum value and the median value of compressive
strength should not be larger than 15%; otherwise, the
maximum and minimum values should be deleted, and the
average value of residual data was used to represent the
compressive strength of mortar [39]. *erefore, the com-
pressive strength of fired shale hollow block and mortar was
5.55MPa and 5.34MPa, respectively.

2.2. Design of Specimens. Based on Chinese standards GB
50003-2011 [40] and GB 50011-2010 [41], the fired shale
hollow blocks could not be used as structural elements, and
the height and number of floors of masonry structures built
with fired shale hollow block were different from those of the
masonry structures built with fired common bricks, as given
in Table 4.

In this paper, the seismic performance of six single-story
fired shale hollow block walls, subjected to in-plane cyclic
lateral force, was studied. Four specimens (W3–W6) were
reinforced by structural columns, while the other two (W1
andW2) had no structural columns.W1 andW2were tested
to study the influence of aspect ratio on the seismic capacity,
while the cyclic loading tests of W3–W6 were conducted to
obtain the influence of structural columns, aspect ratio, and
vertical compressive stress on the seismic performance. *e
bottom beam could fix the specimens on the lab floor, and
the ring beam would help make the compressive stress

distribution more uniform. Based on an ordinary 3-story
residential building, the height of the specimens was
established as 3.05m. Corresponding to the external load
and the self-weight on the top floor and bottom floor, the
compressive stress applied on the specimens was 0.1MPa
and 0.3MPa, respectively.*e compressive stress was kept
constant during the test. *e dimensions and configu-
ration details of the six specimens are given in Table 5 and
Figure 3.

According to Chinese standards [40, 41], the section
size of structural columns and ring beams was established
as 240 mm × 240mm and 240mm × 250mm, respectively.
*e diameters and arrangement of steel bar in the
specimens could also meet the requirements of the
standards. Additionally, the section size of the bottom
beam, which was used to fix the specimens on the lab
floor, was 400mm × 500mm. Ordinary Portland concrete
with 28 d axial strength of 20.0MPa was used in the
casting of all the reinforced concrete members. *e ar-
rangement of steel bar could be seen in Figure 3.

Figure 4 shows the construction process of the speci-
mens.*e specimens were composed of bottom beams, infill
walls, structural columns, and ring beams. Before the casting
of the bottom beams, the steel bars of structural columns
were anchored in the bottom beams. *en the panels were
built. Finally, the RC frames were cast. It should be noted
that the mortar joints of the masonry walls had a significant
influence on the masonry quality, so the fullness degree of
mortar joints should not be lower than 80%.*ewidth of the
horizontal and vertical mortar joints was required in the
range of 8–12mm.

2.3. Test Setup and Instrumentation. *e test setup and in-
strumentation for measuring deformation are given in
Figure 5. To ensure the stability of the bottom of the
specimens, the bottom beams were fixed on the floor of the
laboratory. *e lateral force, exerted by the MTS hydraulic
actuator with a capacity of 500 kN, was applied on the
specimens at a height of 2800mm. *e vertical load was
carried out on the specimens by the jack, and a distribution
beam was placed between the jack and the ring beam.

(a)
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Figure 1: Dimensions of fired shale hollow block.

Table 1: Composition of mortar.

Cement (kg/m3) Sand (kg/m3) Water (kg/m3)
210 1450 330
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Additionally, in order to prevent the test setup from af-
fecting the horizontal displacement of the specimens,
rollers were placed between the jack and door-type steel
support structure. Moreover, two groups of linear variable
differential transformers (LVDTs) were used to measure
the displacements of the specimens. *e first group

contained two horizontal LVDTs, which were placed in
the middle of the ring beam and the bottom beam to
measure the horizontal displacement of the specimens.
*e second group consisted of two LVDTs, which were
arranged at both ends of the bottom beam to monitor the
lift of the bottom beam. Finally, the occurrence,

Table 2: *e compressive strength of fired shale hollow block.

No. Compressive strength (MPa) Average value (MPa) Coefficient of variation (%)
CB1 6.84

5.55 15.55

CB2 6.08
CB3 4.69
CB4 5.98
CB5 6.07
CB6 5.24
CB7 6.53
CB8 4.43
CB9 5.10
CB10 4.53

Table 3: *e compressive strength of mortar.

No. Compressive strength (MPa) Average value (MPa)
CM1 4.94

5.34

CM2 5.14
CM3 6.19
CM4 4.82
CM5 5.59
CM6 5.71

Table 4: Floor number and height limit of masonry structures.

Type of block Minimum wall
thickness (mm)

Basic ground motion acceleration
0.05 g 0.15 g 0.30 g 0.40 g

Height
(m)

Floor
number

Height
(m)

Floor
number

Height
(m)

Floor
number

Height
(m)

Floor
number

Fired common
brick 240 21 7 21 7 15 5 12 4

Fired shale
hollow block 240 21 7 18 6 15 5 9 3

Figure 2: Failure phenomena of fired shale hollow block.
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development, and width of the cracks were recorded at
every loading process.

2.4. Test Procedure. *e lateral loading procedure consisted
of two steps (Figure 6): load-controlled step and dis-
placement-controlled step. Before applying the lateral
load, the specimens were subjected to a vertical pre-
compression load, which was kept continuous during the
loading process. During the load-controlled step, the
loading process was controlled by the lateral load with an

increment, and the loading cycle was repeated once until
the cracks of walls occurred continuously, then the load-
controlled step was changed to displacement-controlled
step, and three cycles were completed at each displace-
ment magnitude until the wall was broken. To obtain the
seismic performance of the walls and guarantee the safety
of personnel, the load process stopped when the lateral
resistance of the specimens decreased to approximately
85% of the maximum load (W3–W6), or the cracks at the
bottom of the wall linked together along the mortar joints
(W1 and W2).

Table 5: Design of fired shale hollow block masonry walls.

No. W1 W2 W3 W4 W5 W6
Width (mm) 2300 3350 2780 2780 3830 3830
Height (mm) 3050 3050 3050 3050 3050 3050
Aspect ratio 1.326 0.910 1.097 1.097 0.796 0.796
Vertical compressive stress (MPa) 0.3 0.3 0.1 0.3 0.1 0.3
Structural columns — — √ √ √ √
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Figure 3: Design details of specimens. (a) W1; (b) W2; (c) W3 and W4; (d) W5 and W6.
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3. Test Results

3.1. Experimental Observation and Failure Pattern.
Figure 7 shows the failure patterns of six specimens. *e
specimens W3–W6 experienced three phases, such as
cracking state, maximum state, and ultimate state during the
loading process, indicating that the failure process of the
specimens was continuous without sudden failure, while the
specimens W1 and W2 (bare walls) were destroyed once
reached the maximum lateral load, and the cracks developed
rapidly after they appeared. *rough the comparison of the
experimental observations of all the specimens, it can be
concluded that the ductility and bearing capacity of the
specimens could be improved due to the constraint of the
reinforced concrete members (structural columns and ring
beams). *e analysis of the experimental observations and
failure patterns of the specimens is summarized as follows:

(1) For specimen W1, in the initial stage of loading,
cracks firstly occurred on the mortar joint of the wall
root between the masonry wall and bottom beam.
Due to the reason that the shear load had not reached
the cracking load in the diagonal direction, there
were no visible cracks occurred in the diagonal di-
rection. With the increase of lateral load, the cracks
at the wall root developed upwards to the mortar
joint between the first and second layer blocks at the
bottom of the infill wall, and the subsequent cracks
propagated horizontally along this mortar joint.
When the lateral load reached the maximum value,
the horizontal cracks linked together, and the fired
shale hollow blocks at the wall root were broken.*e
failure process of the specimen obviously showed the
characteristics of bending failure. It could also be
observed that there was a vertical crack appeared in

Distribution beam LVDT

LVDTLVDT

LV
D

T

Reaction
wall

Lab floor

Roller
Jack

Door-type steel support structure

Bottom beam

Ring
beam

Structural
column

Figure 5: Test setup.

(a) (b) (c)

Figure 4: Process of construction: (a) bottom beam; (b) masonry walls; (c) specimens.
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the middle of the wall when the specimen was failed,
the reason for this observation was probably due to
the concentrated force produced by the jack.

(2) Although the value of aspect ratio was smaller than
that of W1, specimen W2 was still obviously affected
by the bending effect and shear effect under lateral
load, and the failure pattern ofW2 was similar to that
of W1.

(3) For specimens W3–W6, in the initial stage of
loading, cracks firstly appeared at the both sides of
the wall root, and there were no cracks occurred in
the structural columns at this time.With the increase
of lateral load, the horizontal cracks began to appear
at the bottom of the structural columns, and the
cracks in the masonry wall developed in the diagonal
direction. As the lateral load further increased, the
width of the cracks in the masonry walls increased
gradually, and so did the number of the cracks in
the structural columns. *e “X” shape cracks were
formed at this stage. When the displacement of the
specimens reached the maximum value, the
spalling of broken blocks was observed in the
middle and upper part of the masonry walls. It
could also be obtained that the cracks in the
masonry walls were either stepped cracks or di-
agonal cracks. *e stepped cracks were due to the
fact that the shear stress exceeded the bond
strength between the blocks and mortar, while the
appearance of diagonal cracks was caused by the
reason that the compressive stress was larger than
the tensile strength of the block.

3.2. Experimental Force-Displacement Response

3.2.1. Hysteretic Behavior. Figure 8 presents the load-dis-
placement response of all the specimens under cyclic
loading. It should be noted that during the loading process of
W1 and W2, extra load was applied after the lateral load
reached the maximum value so as to obtain more failure
modes (Figures 8(a) and 8(b)). *erefore, the analysis of this

paper took the test results before the cracks linked together
as the research object [32].

Figures 8(a) and 8(b) present that, in the initial stage of
loading, the hysteresis curves of W1 and W2 were linear,
indicating that the specimens were in the elastic stage. When
the specimens entered the elastic-plastic stage, a large angle
of rotation in the upper part was observed due to the flexural
effect. However, for W2, the shape of the hysteresis curve
was “shuttle” shape, which indicated that the specimen was
mainly affected by the shear effect.

As shown in Figures 8(c)–8(e), with the constraint of
structural columns and ring beams, the shapes of hysteresis
curves were basically “shuttle” shape, indicating that the
constraint members could improve the mechanical per-
formances of the specimens. Moreover, in the initial elastic
stage, the relationship of lateral load and displacement was
still linear, and the area of hysteresis loops was small, while
in the elastic-plastic stage, the area of hysteresis loop in-
creased significantly.

3.2.2. Characteristic Load and Displacement. *e hysteretic
curve could be divided into three stages: crack state, max-
imum state, and ultimate state. *e crack state indicates that
the cracks occurred continuously in the specimens, the max
state represents that the lateral resistance of the specimens
reached the maximum value, and the ultimate state is the test
stop state that the lateral resistance of the specimens is
reduced by approximately 15%. *e measured characteristic
load and displacement of three stages are given in Table 6.

As can be seen in Table 6, with the constraint of
structural columns, the cracking load and cracking dis-
placement decreased. *e maximum loads of W2, W5, and
W6 were 83.57%, 32.74%, and 42.20% higher than those of
specimensW1,W3, andW4, respectively, indicating that the
smaller aspect ratio could improve the bearing capacity of
the specimens. Compared with W1 and W2, the maximum
loads of W4 and W6 increased by 150.37% and 93.93%,
respectively, indicating that the structural columns could
effectively improve the bearing capacity of the specimens.
Moreover, it could also be found that the maximum
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Figure 6: Lateral loading process.
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displacement ofW4 andW6was 146.78% and 35.89% higher
than that of W1 and W2, respectively, indicating that the
structural columns could significantly improve the defor-
mation capacity of the walls.

4. Discussion of Test Results

4.1. Envelope Curves. *e envelope curve, which is com-
monly used to analyze the seismic performance of the
specimens (characteristic load and ductility), is obtained by
the connection of maximum load of each hysteretic loop.

Figure 9 presents the envelope curves of all specimens. In
the initial stage of loading, the envelope curves of W1 and
W2 were straight line, indicating that the specimens were in
the elastic state. After the cracks occurred in the wall, the
specimens entered the elastic-plastic state, and the envelope
curves became nonlinear. Compared with W2, the specimen
W1 had a smoother envelope curve and a smaller maximum
load.*is might be because the aspect ratio of W1 was larger
than that of the specimen W2, resulting in a more obvious
flexural effect.

It could be found that with the constraints of structural
columns and beams, the specimens W3–W6 still kept the

(a) (b)

(c) (d)

(e) (f)

Figure 7: Failure mode of the specimens: (a) W1; (b) W2; (c) W3; (d) W4; (e) W5; (f ) W6.
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lateral resistance even if the specimens had reached the
maximum load, and the bearing capacity and deformation
property were obviously higher than those ofW1 andW2. In
comparison with W3 and W4, W5 and W6 had larger
maximum loads and smaller ultimate displacements, indi-
cating that the increase of aspect ratio could reduce the
maximum load and increase the ductility. Considering the
influence of compressive stress and structural columns, it
could be observed that these two factors could improve the
initial stiffness of the specimens in the elastic stage.
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Figure 8: Hysteretic curves of specimens: (a) W1; (b) W2; (c) W3; (d) W4; (e) W5; (f ) W6.

Table 6: Characteristic load and displacement.

No. W1 W2 W3 W4 W5 W6 Unit
Pcr 60.14 90.32 60.15 59.49 62.99 60.11 kN
Δcr 2.15 3.10 1.54 1.20 0.94 0.99 mm
Pm 94.88 174.18 249.00 237.55 331.07 337.79 kN
Δm 8.53 10.03 11.58 12.14 6.73 9.04 mm
Pu — — 210.55 201.15 275.66 280.37 kN
Δu — — 20.39 21.05 13.02 13.90 mm
Pcr is the cracking load; Δcr is the cracking displacement; Pm is the max-
imum load; Δm is the displacement corresponding to the maximum load; Pu
is the ultimate load; Δu is the ultimate displacement.
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4.2.Ductility. *e ductility coefficient and shift angle, which
are related to the failure modes of the specimens, are usually
used to assess the deformation capacity of the walls. Before
the calculation of the ductility coefficient, two characteristic
displacements must be identified: yield displacement and
ultimate displacement. *e ultimate displacement is the
displacement corresponding to approximately 85% of the
maximum load. However, due to the complexity of the
failure pattern and difference of calculation method, the
yield displacement is not easy to determine. In this paper,
energy equivalent method [42] is used to obtain the yield
displacement, as shown in Figure 10.

*e calculation of ductility coefficient (μ) and shift angle
(θ) is expressed as follows:

μ �
Δu

Δy

,

θ �
Δu

H
.

(1)

whereΔu is the ultimate displacement, Δy is the yield dis-
placement, and H is the height of masonry walls.

Table 7 presents the calculation results of the ductility
coefficient and shift angle of the specimens. *e ductility
coefficient of W1 and W2 was within a range of values
between 1.87 and 1.96, and compared with W3∼W6, the
ductility coefficient ofW1 andW2 was smaller. As a result of
smaller yield displacement, although the ultimate dis-
placement of W5 and W6 was smaller than that of W3 and
W4, the ductility coefficient of W5 and W6 basically had no
change.

According to Chinese standard GB 50003-2011 [39], the
ductility coefficient of specimens should not be less than 3.0,
without the constraints of structural columns and ring
beams, and W1 and W2 could not meet the specification
requirements, indicating that only the reinforced specimens

could be used in engineering structures. It could also be
observed that the compressive stress could increase the shift
angle of the specimens. Similar conclusions were also
provided by Liu et al. [31].

4.3. Stiffness Degradation. Stiffness is an important index to
reflect the seismic performance of the specimens. As we all
know, the stiffness of the specimens would decrease with the
increase of damage degree. In order to obtain the stiffness
degradation of the specimens, the stiffness degradation
factor Ki is adopted in this paper, which can be calculated by
the following equationfd3:

Ki �
Pmax ,i


 + −Pmin ,i




Δmax ,i


 + −Δmin ,i



, (2)

wherePmax ,i and −Pmin ,i aremaximum load at the i cycle and
Δmax ,i and −Δmin ,i are the displacement corresponding to the
maximum load, respectively. *e initial stiffness was the
calculation result of equation (2) in the first cycle.*e curves
of stiffness degradation are presented in Figure 11.

As shown in Figure 11(a), the stiffness of W1 and W2
decreased with the increase of the displacement. Comparing
with W1, the stiffness degradation curve of W2 was higher,
indicating that the stiffness decreased with the increase of
aspect ratio. After cracks occurred in the specimens, the
stiffness ofW1 dropped faster thanW2, which may be due to
the reason that the flexural effect led to faster development of
cracks in the specimens. In addition, the stiffness degra-
dation curves of W2 were smoother than those of W1,
showing that the aspect ratio could improve the degradation
rate of the specimens.

It could be observed from Figure 11(b) that the stiffness
degradation trend of specimensW3–W6 was consistent.*e
stiffness in the early stage of loading dropped quickly, while
the stiffness degradation curves tended to be smoother at the
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Figure 9: Envelope curves of specimens: (a) W1, W3, and W4; (b) W2, W5, and W6.
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end of the loading process. *e stiffness degradation curves
of W5 andW6 were higher than those of W1 andW2, which
was consistent with the comparison of W1 and W2. *e
stiffness of W3 and W5 was lower than that of W4 and W6,
respectively, which stated that the stiffness of the specimens
increased with the increase of compressive stress. Besides,
the structural columns could improve the stiffness of the
specimens through the comparison of Figures 11(a) and
11(b).

Table 8 gives the secant stiffness at different characteristic
states. It could be concluded that the secant stiffness at
different characteristic states increased with the decrease of
aspect ratio and increase of compressive stress. *e stiffness
degradation and secant stiffness of the specimens are similar
to those provided in the literature [31].

4.4.EnergyDissipation. Besides the stiffness degradation, the
energy dissipation, which could be obtained through the
calculation of the area surrounded by the hysteretic curve, is
another important indicator to measure the seismic per-
formance of the specimens. *e energy dissipation of all the
specimens is given in Figure 12.

Figure 12(a) shows that the energy dissipation increased
with the increase of displacement. *e energy dissipation
capacity of W2 was better than that of W1, indicating that
the aspect ratio would affect the energy dissipation of the
specimens, the smaller the aspect ratio, the better the energy
dissipation capacity.

Figure 12(b) clearly presents that the constraint of the
structural columns and ring beams could improve the
energy dissipation capacity of the specimens effectively.
*e energy dissipation curves of W4 and W6 were higher
than those of W3 and W4, respectively, indicating that
the energy dissipation capacity increased with the in-
crease of compressive stress. In addition, the specimens
W5 and W6 with smaller aspect ratios had better energy
dissipation capacity than specimens W3 and W4, which
coincided with the test results of bare walls (W1 and W2).

Furthermore, equivalent viscous damping coefficient
is introduced to simplify the expression of energy dis-
sipation capacity of the specimens. In order to evaluate
the seismic performance of the specimens, the maximum
state and ultimate state were studied, which were cor-
responding to the maximum load and ultimate load. *e
equivalent viscous damping coefficient of maximum state
and the ultimate state was represented by he,m and he,u,
respectively, and he could be calculated as the ratio of the
area enclosed by hysteresis loop in one cycle to the energy
input by the loading device, as given in the following
equation:

he �
SAEC

SBED

. (3)

whereSAEC and SBED are the areas which can be calculated
from the position of each point in Figure 13.

Table 9 presents the equivalent viscous damping coef-
ficients of the maximum state and ultimate state of the
specimens. Since the cracks had been linked together once
the lateral load reached the maximum value, the he,u of W1
and W2 was ignored.

*e equivalent viscous damping coefficient (he,m) of W2
was higher than that of W1, indicating that a smaller aspect
ratio could improve the energy dissipation properties of the
specimens. *e he,m of W4 and W6 was higher than that of
W1 and W2, respectively, which indicated that the con-
straint of structural columns could increase the energy
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Figure 10: Determination of yielding state.

Table 7: Ductility coefficient and shift angle of specimens.

No. W1 W2 W3 W4 W5 W6 Unit
Δy 4.57 5.12 3.84 3.53 2.33 2.50 mm
Δu 8.53 10.03 20.39 21.05 13.02 13.90 mm
H 2800 2800 2800 2800 2800 2800 mm
μ 1.87 1.96 5.31 5.96 5.59 5.56 —
θ 0.0030 0.0036 0.0073 0.0075 0.0047 0.0050 —
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dissipation capacity of the specimens. It could also be ob-
tained that the compressive stress had an adverse effect on
the value of he,u in the maximum state, while in the ultimate
state, he,u increased with the increase of compressive stress,
which may be due to the brittleness of the blocks. When the

compressive stresses of the specimens with structural col-
umns were small (W3 and W5), the trends of equivalent
viscous damping coefficients are slightly different from the
conclusions made by Liu et al. [31], and more tests should be
carried out to analyze the reason why this happens.
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Figure 11: Stiffness degradation of the specimens: (a) W1 and W2; (b) W3–W6.

Table 8: Secant stiffness at different characteristic states.

No.
Secant stiffness (kN/mm)

Initial state Crack state Ultimate state
W1 33.64 18.43 9.47
W2 36.85 24.64 17.73
W3 38.96 26.08 8.69
W4 44.91 30.83 9.24
W5 58.34 39.38 19.32
W6 63.53 41.64 21.12
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Figure 12: Energy dissipation of the specimens: (a) W1 and W2; (b) W3–W6.
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5. Conclusions

*is paper mainly studied the application feasibility of a new
type fired shale hollow block in practical engineering. Cyclic
loading tests were carried out to investigate the seismic
properties of fired shale hollow block walls. *e failure mode
of the specimens was presented, and the influence of aspect
ratio, compressive stress, and structural columns on the
seismic performance of fired shale hollow block walls was
analyzed. *e conclusions can be drawn as follows:

(1) *e specimens exhibit two kinds of failure modes.
*e cracks of W1 and W2 mainly occur at the
bottom of the walls, while the cracks of W3 and W4
occur and develop throughout the wall. *e results
indicate that the failure modes of bare walls (W1 and
W2) and reinforced walls (W3–W6) are flexural
failure and shear failure, respectively. Furthermore,
the compressive stress has little effect on the failure
mode of the specimens.

(2) With the constraint of structural columns and ring
beams, the maximum lateral loads and ultimate
displacements of the reinforced specimens are sig-
nificantly larger than those of the bare walls. *e
structural columns could also improve the stiffness
degradation and energy dissipation capacity of fired
shale hollow block walls.

(3) With the increase of compressive stress, the ductility,
stiffness, and energy dissipation capacity are im-
proved, while the equivalent viscous damping co-
efficients of specimens W3–W6 at the maximum

state decrease due to the brittle properties of the fired
shale hollow block.

(4) Without the constraint of structural columns, the
ductility of specimenW2, with a small aspect ratio, is
smaller than that of the specimen W1. *e reason
might be that the flexural effect of W1 is more ob-
vious than that of the specimen W2, resulting in the
crushing of fired shale hollow block at the both sides
of the wall root. With the decrease of aspect ratio, the
stiffness and energy dissipation performances are
improved.

In summary, this paper experimentally studied the
seismic performance of masonry walls made of a new type of
fired shale hollow block. *is kind of block could effectively
reduce the dead weight of the building walls, thereby re-
ducing the use of steel and concrete, and lower the con-
struction costs.*e high void ratio of this type of block could
also ensure the thermal insulation performance of buildings.
However, the application of fired shale hollow blocks still has
many problems, such as lower compressive strength and
poorer energy dissipation. *erefore, many theoretical and
engineering application problems remain to be solved.
Further experimental and theoretical studies still need to be
conducted, such as the interaction between the in-plane and
out-of-plane failure of masonry walls, collapse resistant of
masonry walls, the seismic performance of masonry struc-
tures, and the influence of infill masonry walls on the seismic
performance of RC frames.
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