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Abstract: The seismic performance of prefabricated reinforced concrete block masonry shear walls
(PRMSWs) was studied. Five PRMSWs were tested under cyclic loading to evaluate the effect
of the axial compression ratio and the distribution of the vertical rebar on the inelastic behavior.
Based on the experimental results, the lateral load capacity, failure mode, lateral drift, ductility,
stiffness degradation, energy dissipation, and the seismic performance stability of the specimens
were analyzed. The finite element analysis of the specimens was conducted with ABAQUS, which
agreed quite well with the laboratory findings. Relevant results showed that PRMSW exhibited
favorable ductility and energy dissipation. The increase of the compression ratio led to stiffer, but
more brittle, inelastic behavior of the specimens that had higher flexural strength. The shear walls
that had concentrated vertical rebar at the sides exhibited relatively higher load capacity and less
ductility compared to the walls that had evenly distributed rebar. The inelastic lateral drift limit of
the PRMSW could be assigned 1/120. The equivalent viscous damping ratio of the PRMSW was
9–13% at ultimate load. These results provide a technical basis for the design and application of the
PRMSW structures.

Keywords: prefabrication construction technology; reinforced masonry shear wall; experimental
study; numerical simulation; flexural failure; seismic performance

1. Introduction

With the accelerated process of global urbanization, the construction industry has developed
rapidly, and large-scale, environmental, and efficient construction is becoming more urgent in civil
engineering. Prefabricated structures, based on industrialization, are a prevalent way to meet this
requirement. The prefabricated structure is a structure system where the structural components are
prefabricated by way of industrial production, and then assembled on-site [1], which has been used
globally for its economic and environmental benefits [2,3].

The reinforced masonry shear wall (RMSW) structure is one of the most popular building forms,
applied in medium- and high-rise buildings, because of its advantages in construction cost and
efficiency as well as its good bearing capacity [4]. Nonetheless, it should be noted that the conventional
RMSWs have some defects, due to the cleaning-hole blocks in the bottom layer of the shear wall, such
as a complicated construction procedure and reduced integrity [5]. Furthermore, it is not appropriate
for the trend of prefabrication and industrialization in the current construction market. Accordingly,

Appl. Sci. 2018, 8, 1856; doi:10.3390/app8101856 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-1887-6783
http://www.mdpi.com/2076-3417/8/10/1856?type=check_update&version=1
http://dx.doi.org/10.3390/app8101856
http://www.mdpi.com/journal/applsci


Appl. Sci. 2018, 8, 1856 2 of 19

a new type of prefabricated reinforced masonry shear wall (PRMSW) is proposed in order to overcome
these shortcomings. The major structural components of PRMSW (e.g., the hollow masonry walls) are
mechanized products made of concrete blocks, in factory, with the horizontal reinforcement applied
according to the design requirement, and the cleaning-hole blocks are eliminated during production.
After the prefabricated walls are transported to the construction site, the shear walls are lifted and
assembled, with the vertical reinforcement fixed to the floor. Then, the hollow walls are fully grouted,
with the blocks acting as templates. Due to industrialization and mechanized construction, this
type of structural system has the advantages of small workload, low cost, excellent quality, and
environmental protection [2,3,5]. It could be expected; therefore, that the PRMSW structures may have
wide applications in the construction market.

The RMSW have two typical failure modes (i.e., the flexural failure and the shear failure).
Compared with the relatively brittle shear failure [6–8], the flexural failure, which is characterized by
tensile yielding of the vertical rebar and compression crushing of the wall toe, is the favored failure
mode due to its ductile nature and good energy dissipation capacity [9]. Numerous studies on the
seismic performance of RMSW failing in flexure have been carried out in the last few decades [10–12].
The effects of the axial stress, aspect ratio, and the reinforcement on the flexural behavior of RMSW
were evaluated [13–15]. However, the seismic performance of PRMSW is seldom investigated. It is
of great importance to investigate the seismic behavior of the PRMSW, and thereby promote its
application in seismic areas.

The primary aim of this study was to evaluate the seismic behavior of the new type of PRMSW.
Five full-scale fully-grouted prefabricated reinforced masonry walls were failure-tested under reversed
cyclic loading. The test parameters were the axial compression ratio and the distribution of vertical
reinforcement. The failure pattern and the hysteresis curves were obtained for all specimens, and
seismic performance indexes such as the drift, displacement ductility, stiffness, energy dissipation, and
equivalent viscous damping ratio were considered. The numerical simulation of the test walls was
conducted with ABAQUS [16]. This study may contribute to the theoretical research and the practical
engineering application of the PRMSW.

2. Experimental Program

2.1. Material Properties

The dimensions of the full and half concrete blocks were 390 mm × 190 mm × 190 mm and
190 mm × 190 mm × 190 mm (length × height × thickness), respectively. The hole ratio of the blocks
was 47%, and the hole-alignment ratio was 94%. Figure 1 shows the detailed dimensions of the blocks.
The mortar used in the test was mixed with weight proportions of 1.0:3.2:0.6:2.5 × 10−4 (cement, sand,
water, and chemical additive, respectively). The grouted concrete of the masonry wall was mixed with
weight proportions of 1.0:2.1:2.5:0.5 for cement, sand, coarse aggregate, and water, respectively. After
curing for 28 days, the samples of the concrete block, mortar, grouted concrete, and grouted masonry
prism were tested on a press machine according to relevant codes [17–20]. The average compressive
strengths of the concrete block (f 1,m), mortar (f 2,m), grouted concrete (fc,m), and grouted masonry prism
(fg,m) were 22.8, 21.5, 32.2, and 25.1 MPa, respectively.

The steel bars of the specimens were made of Grade Q400 steel. Tensile tests were conducted to
analyze the tensile strength of the rebar in the test walls according to [21]. Three samples of each kind
of rebar were tested, and the average yield strengths (fy) for the rebar with diameters of 12 and 14 mm
were 393.2 MPa and 404.8 MPa, respectively.
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Figure 1. Dimensions of the concrete hollow blocks (mm): (a) Full block; and (b) half block. 
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reinforcement ratio of about 0.30%. The horizontal reinforcement consisted of two rebar, each with a 
diameter of 12 mm, in every course for all specimens. The vertical reinforcement of both PMW-1 and 
PMW-2 involved five rebar, each with a diameter of 14 mm, that were placed in the middle cell and 
two cells at each end of the specimens. PMW-3A/B and PMW-4 had evenly distributed vertical rebar, 
each with a diameter of 12 mm, in each cell along the length of the wall. 

Table 1. Summary of the test specimens’ details. 
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PMW-1 1390 × 3200 × 190 5C14 0.29% 2C12@200 0.60% 670 kN (0.10) 
PMW-2 1390 × 3200 × 190 5C14 0.29% 2C12@200 0.60% 1000 kN (0.15) 

PMW-3A 1390 × 3200 × 190 7C12 0.30% 2C12@200 0.60% 670 kN (0.10) 
PMW-3B 1390 × 3200 × 190 7C12 0.30% 2C12@200 0.60% 670 kN (0.10) 

PMW-4 1390 × 3200 × 190 7C12 0.30% 2C12@200 0.60% 1000 kN (0.15) 

Figure 1. Dimensions of the concrete hollow blocks (mm): (a) Full block; and (b) half block.

2.2. Design and Prefabricated Construction of Test Specimens

A total of five fully-grouted PRMSWs, which were designed based on Chinese Code (GB
50011-2010) [22], were constructed and tested under cyclic loading. The properties of each specimen are
presented in Table 1 and Figure 2. The test walls, which were equivalent in dimensions, were denoted
as PMW-1, PMW-2, PMW-3A, PMW-3B, and PMW-4, respectively. PMW denotes the prefabricated
reinforced masonry shear wall. The number following PMW denotes the differing axial compression
ratio and distribution of the vertical rebar. The letters A and B denote two specimens that were
designed with the same test parameters with the aim to investigate the seismic performance stability of
the PRMSW. For PMW-1 and PMW-3A/B, the axial load was 670 kN, and the axial compression ratio
(σ/ fg,m) was 0.10. PMW-2 and PMW-4 had the same axial load of 1000 kN, and a compression ratio
of 0.15. Figure 2 presents the reinforcement of the specimens, which was designed based on Chinese
Code (GB 50003-2011) [23] to ensure the expected bending failure of the test walls. All specimens
had the same horizontal reinforcement ratio of 0.60% and vertical reinforcement ratio of about 0.30%.
The horizontal reinforcement consisted of two rebar, each with a diameter of 12 mm, in every course
for all specimens. The vertical reinforcement of both PMW-1 and PMW-2 involved five rebar, each with
a diameter of 14 mm, that were placed in the middle cell and two cells at each end of the specimens.
PMW-3A/B and PMW-4 had evenly distributed vertical rebar, each with a diameter of 12 mm, in each
cell along the length of the wall.Appl. Sci. 2018, 8, x FOR PEER REVIEW  4 of 19 
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Table 1. Summary of the test specimens’ details.

Specimen
Wall Dimensions (mm) Reinforcement Axial Load

(Compression Ratio)(Length × Height × Thickness) Vertical ρv Horizontal ρh

PMW-1 1390 × 3200 × 190 5C14 0.29% 2C12@200 0.60% 670 kN (0.10)
PMW-2 1390 × 3200 × 190 5C14 0.29% 2C12@200 0.60% 1000 kN (0.15)

PMW-3A 1390 × 3200 × 190 7C12 0.30% 2C12@200 0.60% 670 kN (0.10)
PMW-3B 1390 × 3200 × 190 7C12 0.30% 2C12@200 0.60% 670 kN (0.10)
PMW-4 1390 × 3200 × 190 7C12 0.30% 2C12@200 0.60% 1000 kN (0.15)

The prefabricated construction procedures for the five specimens were as follows: First,
the foundation beams, for each specimen, were constructed, and the vertical rebar, for the test walls,
were fixed on each foundation beam (see Figure 3a). Second, five hollow masonry shear walls were
constructed on specific foundations, by the same professional mason using hollow concrete blocks,
and were fixed with special tools. Third, the five hollow walls were lifted and assembled, with the
applicable foundation beam and vertical rebar, using a crane (see Figure 3b). Then, the assembled
hollow walls were checked to ensure acceptable perpendicularity (see Figure 3c), and were fixed using
a stretchable anchor bolt (see Figure 3d). Finally, the assembled hollow walls were fully grouted with
concrete. All the walls were cured for 28 days before being tested.
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Figure 3. Construction procedures for the prefabricated reinforced masonry shear wall (PRMSW):
(a) Construction of the foundation beam and the vertical rebar; (b) lifting and assembling the
prefabricated wall; (c) checking the perpendicularity of the PRMSW; and (d) the fixing of the PRMSW
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2.3. Test Setup, Instrumentation, and Loading Procedure

The test setup is presented in Figure 4. Each specimen was tested under a constant axial load and
a cyclic lateral load during the experiment. The axial load was executed by a 2000-kN-capacity jack to a
rigid steel load beam. The reversed horizontal load was transferred from a 1000-kN-capacity hydraulic
actuator, which was aligned with the centerline of the load beam. The applied vertical and lateral
loads were measured by a pressure sensor and the MTS electrohydraulic testing system, respectively.
The foundation beam was anchored to the laboratory floor by anchor bolts to prevent slide and uplift
of the base. To avoid out-of-plane displacement of the specimens, two parallel lateral bracings were
installed perpendicular to the specimens.

Figure 4 shows the external instrumentation of the specimens. The key displacements of the test
walls were measured with a set of linear variable differential transformers. L1 was arranged to monitor
the slide of the foundation, L2–L6 were placed along each specimen’s height to acquire the lateral
deflection of the wall during the experiment, and L7 and L8 were utilized to control the uplift of the
foundation beam.

Figure 5 shows the internal instrumentation of the specimens. The strain gauges were attached to
the horizontal and vertical rebar of each specimen, at different locations, to investigate the stress of the
reinforcement during the tests.

A mixed force and displacement-controlled loading was adopted for the loading procedure in
the test. One-cycle force-controlled loading was utilized at the elastic stage of the test walls, and
two-cycle displacement-controlled loading was conducted at the plastic stage of the specimens, to fully
develop the damage propagation. To obtain the post-peak behavior of the PRMSW, the tests were not
terminated until the lateral strength of each specimen decreased to at least 65% of the experimentally
recorded maximum capacity.
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3. Experimental Results

3.1. Cracking Pattern

Figure 6 shows the final cracking patterns of the test walls. The cracks caused by the force in the
push and pull directions were represented by the red lines and the blue lines, respectively. It can be
observed that all the test walls showed predominantly flexural behavior in the positive (right/push)
and negative (left/pull) loading directions, which was characterized by the horizontal cracks in the
bed joints, in the bottom courses of the wall, at a low displacement. The outmost vertical rebar yielded
due to the increasing tension load, which was consistent with the measurement of the strain gauge.
The block, grouted concrete, mortar, and vertical rebar cooperated well with each other to carry the
lateral loads. With increasing lateral load, the test wall reached its ultimate load (maximum load), with
some vertical cracking at the end blocks under compression. As the lateral displacement increased,
horizontal tensile cracks clearly appeared at the bottom of the specimen, and a repeated crack opening
and closing process appeared at the first bed joint of the shear wall. At the post-peak stage, progressive
deterioration of the wall toes was observed, consisting of face shell spalling, grout cracking, and
rebar buckling. During this period, the lateral load of the specimens decreased gradually to 85% of
the ultimate load, which was defined as the failure load. At the final loading stage, grout column
crumbling and vertical rebar rupturing were observed at the wall toes. The tests were not terminated
until the load capacity of the specimens exhibited distinct degradation and decreased to at least 65% of
the ultimate load.
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3.2. Hysteresis Curve

The hysteresis curve represents the relationship of the restoring force and the lateral displacement
of a shear wall under horizontal earthquake action, which is of great importance to the evaluation
of the seismic performance of the shear wall. Figure 7 presents the obtained hysteresis curves of the
test specimens.
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(d) PMW-3B; and (e) PMW-4.

In summary, each specimen, except PMW-3B, exhibited a reasonably symmetric load–displacement
relationship in the push and pull directions. The asymmetric hysteretic response of PMW-3B was due
to the sudden failure of a displacement sensor. In spite of this, the results of PMW-3B, recorded before
the failure, were considered to be reliable for the subsequent analysis. At the beginning of the test,
the restoring force of each specimen varied linearly with the imposed displacement, and the loading
curve nearly overlapped the unloading curve, proving that the test walls were in the elastic stage.

As the loading displacement increased, the specimens turned to the elastic-plastic stage. In this
study, PMW-1 was taken as an example to display the development of the hysteresis curves at this
stage. Figure 8 presents the hysteresis loops of PMW-1 at the first yielding of vertical reinforcement,
at maximum load, at about 1% drift, and at 15% strength degradation. As observed, the hysteresis loop
of the specimen at yield was pretty thin, indicating poor energy dissipation. The figure shows that the
area of the hysteresis loop increased obviously with the increasing displacement, which indicates a
higher level of dissipated energy, especially at the post-peak stage. Meanwhile, stiffness degradation
gradually occurred with the increasing lateral displacement, as observed from the flatter loading curve
of each loading cycle [24]. It should be noted that obvious pinching behavior was observed during the
cyclic loading, which was due to the slide occurring between the surfaces of the rebar and the cracking
concrete [25].
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3.3. Lateral Load Capacity

General wall behavior in the test is summarized in Table 2. As observed, with the increase of the
compression ratio, the capacity of the PRMSWs with concentrated vertical rebar at the sides and with
evenly distributed reinforcement exhibited about a 37% and a 30% increase, respectively. Additionally,
the increasing axial load also postponed the appearance of the horizontal flexural cracks in the wall,
which was more obvious in the test walls with concentrated vertical rebar at the sides. Test results also
showed that PMW-1 had a 5% higher flexural strength than PMW-3A/B, while PMW-2 experienced a
10% higher lateral load capacity than PMW-4. This proved that, under the same vertical reinforcement
ratio, the shear walls with concentrated vertical rebar at the sides had better flexural strength than the
shear walls with evenly distributed vertical reinforcement.

Table 2. Summary of test results.

Wall

Initical Horizontal
Cracking Maximum Load

Qcr/Qu
Qu,average

(kN)
Failure
Mode

Qcr (kN) ∆cr (mm) Qu (kN) ∆u

PMW-1
+ 150 2.0 276 17.2 0.54

267 Flexure− 150 2.8 257 17.8 0.58

PMW-2
+ 250 3.0 360 10.2 0.69

366 Flexure− 200 2.3 371 15.3 0.54

PMW-3A
+ 175 2.4 277 26.5 0.63

255 Flexure− 150 2.8 233 26.5 0.64

PMW-3B
+ 200 2.9 267 20.5 0.75

254 Flexure− 150 2.5 240 26.2 0.63

PMW-4
+ 200 2.0 345 17.7 0.58

332 Flexure− 200 2.3 318 14.7 0.63
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4. Experimental Analysis

4.1. Envelope Curve

4.1.1. Analysis

Figure 9 illustrates the envelope curves of the test walls, which were composed of the maximum
loads, in both directions at the first cycle, for each loading displacement. The figure shows that the
PRMSW exhibited ductile behavior in flexural failure, which is characterized by a relatively small
strength degradation with increasing displacement after reaching the ultimate load. PMW-2 and
PMW-4, both which had the higher compression ratio of 0.15, experienced higher lateral load capacities
but more distinct stiffness degradation and less ductility compared to PMW-1 and PMW-3A/B, both
which had the lower compression ratio of 0.10. In addition, under the same axial load, the specimens
with concentrated vertical reinforcement at the sides achieved relatively higher lateral strength and
less ductile behavior compared to the walls with the even vertical rebar distribution. It should be
noted that the envelope curves of PMW-3A and PMW-3B were almost identical, which proved the
good stability of PRMSWs’ seismic performance.
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4.1.2. Envelope Curve Generalization

The envelope curves of the flexural failure of the shear walls are affected by many factors,
including the aspect ratio, compression ratio, reinforcement, etc. To obtain the generalized relationship
and investigate the post-peak behavior of the PRMSW, the envelope curves of the specimens were
simplified and normalized, and a four-line envelope curve, described by dimensionless coordinates,
could be obtained through the test data.

The key points of the generalized envelope curve are the yield point, the peak point, the failure
point (the point corresponding to 85% Qu in the post-peak stage), and the ultimate point (the point
corresponding to 65% Qu in the post-peak stage). The exact yielding point of the shear wall is difficult
to acquire from the envelope curve. According to [26–28], there are several methods for the definition
of the yield point, which include the geometric graphic method, the first yield method, and the reduced
stiffness equivalent elasto-plastic method. In this paper, the yielding point of the test walls were
defined by the equivalent elasto-plastic energy method [29], as shown in Figure 10. The calculated
yielding displacement of each specimen is presented in Table 3. The peak point was defined as the
point of the maximum lateral load during the test. For its relatively explicit value, the peak point
(Qu, ∆u) was chosen as the datum point, and the envelope curves of the five PRMSWs were normalized
based on the datum point.



Appl. Sci. 2018, 8, 1856 10 of 19

Appl. Sci. 2018, 8, x FOR PEER REVIEW  10 of 19 

peak point ( ,u uQ Δ ) was chosen as the datum point, and the envelope curves of the five PRMSWs 
were normalized based on the datum point. 

 
Figure 10. Theoretical yielding point of the test walls. 

Table 3. Summary of displacement, drift, and ductility of PRMSW specimens. 

Wall 
Displacement (mm) Drift and Displacement Ductility 
Δy  Δu  0.85Δ u  Δuμ  Δ (%)udrift  Δ0.85uμ  Δ0.85 (%)udrift  

PMW-1 6.4 17.5 33.0 2.7 0.63 5.2 1.18 
PMW-2 5.9 12.8 26.6 2.2 0.46 4.5 0.95 

PMW-3A 6.4 26.5 39.3 4.1 0.95 6.1 1.40 
PMW-3B 6.2 23.4 38.5 3.8 0.84 6.2 1.38 
PMW-4 5.4 16.2 28.7 3.0 0.58 5.3 1.03 

Through the linear regression analysis of the non-dimensional envelope curves, the coordinate 
of the yield point A was (0.34, 0.86); the coordinate of the peak point B was (1, 1); the coordinate of 
the failure point C was (1.80, 0.85), and the coordinate of the ultimate point D was (2.41, 0.65). Thus, 
the four-line simplified envelope curve can be expressed by Equation (1), and the generalized 
envelope curve is illustrated in Figure 11. 

1

2

3

4

: / ( / 0.34
: / ( / 0.79 0.34 1
: / ( / 1 1.80
: / ( /

u u

u u

u u

u u

OA Q Q K x
AB Q Q K x
BC Q Q K x
CD Q Q K

= Δ Δ )                             0 ≤ ≤
= Δ Δ ) +                   < ≤
= Δ Δ ) +1.  9                   1< ≤            
= Δ Δ ) +1.44                  2.41x






 1.80 < ≤

 (1) 

where 1 2 3 42.53 =0.21 0.19 0.33.K K K K− = −= ， ， ，  

Figure 10. Theoretical yielding point of the test walls.

Table 3. Summary of displacement, drift, and ductility of PRMSW specimens.

Wall
Displacement (mm) Drift and Displacement Ductility

∆y ∆u ∆0.85u µ∆u drift∆u (%) µ∆0.85u drift∆0.85u (%)

PMW-1 6.4 17.5 33.0 2.7 0.63 5.2 1.18
PMW-2 5.9 12.8 26.6 2.2 0.46 4.5 0.95

PMW-3A 6.4 26.5 39.3 4.1 0.95 6.1 1.40
PMW-3B 6.2 23.4 38.5 3.8 0.84 6.2 1.38
PMW-4 5.4 16.2 28.7 3.0 0.58 5.3 1.03

Through the linear regression analysis of the non-dimensional envelope curves, the coordinate
of the yield point A was (0.34, 0.86); the coordinate of the peak point B was (1, 1); the coordinate of
the failure point C was (1.80, 0.85), and the coordinate of the ultimate point D was (2.41, 0.65). Thus,
the four-line simplified envelope curve can be expressed by Equation (1), and the generalized envelope
curve is illustrated in Figure 11.

OA : Q/Qu = K1(∆/∆u) 0 ≤ x ≤ 0.34
AB : Q/Qu = K2(∆/∆u) + 0.79 0.34 < x ≤ 1
BC : Q/Qu = K3(∆/∆u) + 1.19 1 < x ≤ 1.80
CD : Q/Qu = K4(∆/∆u) + 1.44 1.80 < x ≤ 2.41

(1)

where K1 = 2.53, K2 = 0.21, K3 − 0.19, K4 = −0.33.Appl. Sci. 2018, 8, x FOR PEER REVIEW  11 of 19 
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4.2. Lateral Drift

The average lateral drift of each specimen at ultimate load (Qu) and at failure load (Q0.85u) is
presented in Table 3 in Section 4.1.2. At ultimate load, specimens with an axial compression ratio of
0.10 and 0.15 had an average drift of 0.81% and 0.52%, respectively, whereas specimens with evenly
distributed rebar and concentrated vertical rebar had an average drift of 0.79% and 0.55%, respectively.
Test results showed that the lateral drift of the PRMSW at ultimate load decreased with the increase of
axial stress, and the walls with evenly distributed rebar had a favor deformation capacity. A similar
trend was found in the drift of the test walls at failure. Considering that the average drift values at
failure ranged from 0.95% (1/105) to 1.40% (1/71), the PRMSW under seismic design can be assigned
a specified value of inelastic drift of 1/120 (i.e., 0.83%).

4.3. Displacement Ductility

The average displacement ductility values of each specimen at ultimate load and at failure load
are summarized in Table 3. Based on the generalized envelope curves of the specimens, the ductility
was calculated as the ratio of a specific displacement (∆) to the yield displacement (∆y), where in this
study ∆ was chosen to be the displacement at the ultimate load (Qu) and at the failure load (Q0.85u),
respectively. The yielding displacement (∆y) was determined by the method shown in Figure 10 in
Section 4.1.2.

Table 3 shows that the ductility value of the specimens at failure load varied, in a range between
4.5 and 6.2, and were, on average, 73% larger than the values at the ultimate load, which proved the
favorable ductile behavior of the PRMSW failing in flexure. Additionally, the test walls with evenly
distributed vertical rebar exhibited a 21% larger ductility value at failure than the specimens with
local concentrated reinforcement. The increase of the compression ratio from 0.10 to 0.15 resulted in
an approximately 16% decrease in the ductility value of the shear wall. The compression load had a
negative influence on the shear walls’ ductility, and similar results were reported by Zhang [30] and
Shedid [31].

4.4. Degradation of Stiffness

The shear walls exhibited inelastic behavior under reversed lateral cyclic loading, and the envelope
curves showed that the strength and stiffness of the specimens decreased in the inelastic stage, which
indicated that the walls experienced accumulated damage. In this study, secant stiffness was applied
to investigate the stiffness degradation of the specimens. The secant stiffness at each loading cycle
(Ks,i) can be defined as Equation (2):

Ks,i =
|+Qi|+ |−Qi|
|+∆i|+ |−∆i|

(2)

where +Qi and −Qi are the maximum lateral loads of the first ith loading cycle in the push and
pull directions, respectively; and +∆i and −∆i are the displacements corresponding to +Qi and
−Qi, respectively.

Figure 12 shows the relationship between the secant stiffness and the lateral displacement, as
well as the drift of the specimens. During the loading process, the stiffness of all specimens decreased
following a power law as the displacement increased. The initial stiffness of PMW-2 and PMW-4 was
larger than that of PMW-1 and PMW-3A/B, which revealed that the initial stiffness of the shear wall
increased with higher axial compression load, as reported by Ma [29]. Nonetheless, compared with
PMW-1 and PMW-3A/B, PMW-2 and PMW-4 exhibited faster stiffness degradation and relatively
more brittle behavior. The axial stress demonstrated a significant effect on the specimens’ stiffness. For
specimens with the same compression ratio and vertical reinforcement ratio, but different distributions,
the stiffness declined in a similar trend, proving that the stiffness degradation of the PRMSW was not
obviously influenced by the vertical rebar distribution.
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4.5. Energy Dissipation and Equivalent Viscous Damping

Energy dissipation through hysteretic damping (Ed) is an important parameter in the analysis
of the seismic performance of the shear wall, since it reduces the earthquake damage, and, thereby,
reduces the strength and ductility demands in the seismic design of the structure. The dissipated
energy (Ed) can be calculated by the area enclosed by the hysteresis loop at each loading increment [32],
as shown in Figure 13.

Dissipated energy of the specimens in each first loading cycle is shown in Figure 14a. It was
observed that the dissipated energy of all specimens exhibited a similar, considerable increase with
the consecutive loading displacement, which proved the favorable energy dissipation capacity of the
PRMSW. It should be noted that PMW-2 exhibited the most advantageous energy dissipation capacity
because the lateral capacity of PMW-2 was larger than the other specimens, due to the higher axial
compression load and the concentrated vertical rebar at the sides.Appl. Sci. 2018, 8, x FOR PEER REVIEW  13 of 19 

 
Figure 13. Calculation of energy dissipation. 

 
(a) (b) 

Figure 14. Evaluation of energy dissipation: (a) Dissipated energy of the specimens; (b) the 
equivalent viscous damping ratio. 

The equivalent viscous damping ratio ( eqζ ) can be used to evaluate the energy dissipation 
capacity of the shear wall. According to [32], the equivalent viscous damping ratio can be defined as 
Equation (3): 

4
d

eq
s

E
E

ζ
π

=
⋅ ⋅

 (3) 

where Ed represents the aforementioned dissipated energy; Es is the elastic strain energy of the test 
wall, stored in an equivalent linear elastic system in one loading cycle, and can be calculated by the 
trilateral area (the vertically hatched area) in Figure 13. 

Figure 14b presents the relationship between the equivalent viscous damping ratio and the ratio 
of the lateral displacement of the specimen ( Δ ) and the displacement corresponding to the ultimate 
load (Δu ). As observed, the increase of the hysteresis damping started at a displacement of about 0.5 
Δu . The equivalent viscous damping ratio ranged from 9% to 13% at the ultimate load, and ranged 
from about 13% to 19% at the displacement of 2 times Δu . Figure 14b showed that the distribution of 
vertical rebar did not have significant influence on the hysteresis damping of the shear wall. By 
contrast, specimens PMW-1 and PMW-3A/B, both with a compression ratio of 0.10, exhibited 
approximately a 38% increase of eqζ  at ultimate load than that of PMW-2 and PMW-4, both with a 
compression ratio of 0.15, indicating that axial compression load had an obviously detrimental effect 
on the equivalent viscous damping ratio of the specimens. It was inferred that the shear wall with a 
lower axial load exhibited more efficient energy dissipation. 

Figure 13. Calculation of energy dissipation.

The equivalent viscous damping ratio (ζeq) can be used to evaluate the energy dissipation
capacity of the shear wall. According to [32], the equivalent viscous damping ratio can be defined as
Equation (3):

ζeq =
Ed

4 · π · Es
(3)

where Ed represents the aforementioned dissipated energy; Es is the elastic strain energy of the test
wall, stored in an equivalent linear elastic system in one loading cycle, and can be calculated by the
trilateral area (the vertically hatched area) in Figure 13.
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Figure 14b presents the relationship between the equivalent viscous damping ratio and the ratio of
the lateral displacement of the specimen (∆) and the displacement corresponding to the ultimate load
(∆u). As observed, the increase of the hysteresis damping started at a displacement of about 0.5 ∆u.
The equivalent viscous damping ratio ranged from 9% to 13% at the ultimate load, and ranged from
about 13% to 19% at the displacement of 2 times ∆u. Figure 14b showed that the distribution of vertical
rebar did not have significant influence on the hysteresis damping of the shear wall. By contrast,
specimens PMW-1 and PMW-3A/B, both with a compression ratio of 0.10, exhibited approximately a
38% increase of ζeq at ultimate load than that of PMW-2 and PMW-4, both with a compression ratio
of 0.15, indicating that axial compression load had an obviously detrimental effect on the equivalent
viscous damping ratio of the specimens. It was inferred that the shear wall with a lower axial load
exhibited more efficient energy dissipation.

5. Numerical Analysis

In this study, the seismic performance of PRMSW was investigated using the software ABAQUS.
The test walls were finite element modeling and the performance of low cycle loading in the experiment
was simulated by using the monotonic loading [33]. The damage process, skeleton curve, and
mechanical characteristics of the shear walls were studied, and the numerical results were compared
with the experimental results.

5.1. Material Constitutive Model

The concrete damaged plasticity model in ABAQUS was chosen to simulate the grouted masonry
due to the similar mechanical property of masonry material with concrete [34]. The compressive
stress–strain relationship of masonry proposed by Liu [35] was applied in the simulation, which was
described by Equation (4):

y =
3.11x− 0.59x2

1 + 1.11x + 0.41x2 , 0 ≤ x ≤ 4 (4)

where x = ε/εc,r, y = σ/ fg,m; εc,r and fg,m are the peak compressive strain and the compressive
strength of the grouted masonry, respectively.

With the hypothesis that the masonry would be without damage before reaching peak stress,
the descending curve of the tensile stress–strain relationship was described as Equation (5):

y =
x

αt(x− 1)1.7 + x
, x ≥ 1 (5)

where x = ε/εt,r, y = σ/ ft,r; εt,r and ft,r are the peak tensile strain and the tensile strength of the
grouted masonry, respectively; αt is the coefficient at the descending stage of the tensile stress–strain
curve and αt = 0.312 f 2

t,r. In this study, ft,r = 0.1 fg,m and αt = 1.95.
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To obtain an acceptable rate of convergence, the unsymmetrical matrix storage and solution
scheme were used in the analysis of the concrete damaged plasticity in ABAQUS. Additionally, the
concrete damaged plasticity model in ABAQUS can be applied in conjunction with the viscoplastic
regularization of the constitutive equations to improve the convergence rate in the softening regime.
The plastic parameters of the concrete damaged plasticity model in this study are tabulated in Table 4.

The reinforcement of the specimens was simulated by the “plasticity” model in ABAQUS, and the
tensile stress–strain relationship of the rebar was described by the curve shown in Figure 15, in which
εy = fy/Es, εh = 5εy, εu = 50εy, Es = 2 × 105 N/mm2, and the Poisson’s ratio was 0.3.
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Figure 15. Constitutive model of the steel bars.

Table 4. The plastic parameters of the finite element model.

Parameter Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter

PRMSW 37 0.1 1.16 0.667 0.0015

5.2. Finite Element Model

The grouted masonry walls were modeled by C3D8R, a kind of 8-node linear reduced integration
3D solid element, and the rebar were modeled by T3D2, a kind of 2-node linear 3D truss element.
The components to simulate the shear wall, reinforcement, loading beam, and foundation were created
separately and assembled to a whole model. The reinforcement was embedded into the grouted
masonry wall.

In the analysis, the foundation of the specimen was fixed on the ground to simulate the actual
boundary condition. For loading, a uniform vertical load was firstly executed to the loading beam at the
top of the wall, which has a value of 2.5 × 106 N/m2 for PMW-1 and PMW-3A/B, and 3.8 × 106 N/m2

for PMW-2 and PMW-4. Second, a monotonic horizontal displacement load was applied to a reference
point on the loading beam to simulate the actual loading process of the test.

5.3. Simulation Results

5.3.1. Stress Distribution

The stress distribution diagrams of the specimens, at the ultimate lateral loading displacement,
are shown in Figure 16. The stress of the prefabricated masonry shear wall is concentrated at the
specimens’ bottom region. When the specimens reached the ultimate displacement, the maximum
stress of the masonry wall occurred at the compression side of the wall, and the maximum stress of
the rebar appeared at the tension side, indicating the typical damage characteristics of flexural failure.
The influence of the axial compression ratio and the vertical rebar distribution on the stress of the
masonry wall and the rebar can also be observed at the numerical results. The simulation phenomena
basically agree well with the laboratory findings.
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(c) masonry stress of PMW-2; (d) steel stress of PMW-2; (e) masonry stress of PMW-3; (f) steel stress of
PMW-3; (g) masonry stress of PMW-4; and (h) steel stress of PMW-4.
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5.3.2. Envelope Curve

The envelope curves of the specimens, obtained by the experimental results and numerical
analysis, are shown in Figure 17. It was shown that the test and the simulation results were basically
consistent for the stiffness and the lateral load capacity of the PRMSWs. The slope of the descending
stage in the experimental envelope curves were larger than that of the numerical curves due to the
serious damage of the specimens at the final loading stage of the test, which included the wall toe
crushing and the vertical rebar rupturing. In summary, the numerical envelope curves are in good
agreement with the test results.
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6. Summary and Conclusions

This paper presents an experimental and numerical study of the prefabricated reinforced masonry
shear walls (PRMSWs). Five full-scale fully-grouted PRMSWs were tested under a reversed lateral
cyclic test and simulated by ABAQUS. The seismic performance of the specimens was studied
based on the failure mode, hysteresis curve, stiffness degradation, lateral drift, ductility, and energy
dissipation capacity.

The main findings and conclusions of the research are summarized as follows:

1. The PRMSW exhibited acceptable flexural capacities and seismic performance stability under
cyclic loading.

2. The distribution of the vertical rebar had an effect on the inelastic behavior of the shear wall.
The specimens with concentrated vertical rebar at the sides exhibited relatively higher load
capacity and less ductility compared to the walls with evenly distributed rebar, under the same
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vertical reinforcement ratio. Nonetheless, minimal influence from the distribution of the vertical
reinforcement was found on the stiffness degradation of the PRMSW.

3. Axial stress had a significant influence on the seismic performance of the PRMSW. The increase
of the axial stress lead to higher flexural strength and initial stiffness but the more brittle inelastic
behavior of the PRMSW.

4. The PRMSW showed excellent ductile behavior in the plastic stage. The average drift values
of the specimens at failure ranged from 0.95% to 1.40%, and the PRMSW under seismic design
could be assigned the inelastic drift limit value of 1/120. The PRMSW exhibited favorable energy
capacity, and the specimens with a lower axial stress and evenly distributed rebar exhibited a
more efficient energy dissipation. The equivalent viscous damping ratio of the PRMSW was 9%
to 13% at ultimate load.

5. The finite element simulation of the PRMSW basically agrees well with the experimental results.
The results obtained from the numerical analysis indicate that the concrete damaged plasticity
model in ABAQUS can be used for the seismic performance simulation of the prefabricated
reinforced masonry shear walls.

In conclusion, this paper investigated the seismic performance of the new type of PRMSW failing
in flexure, and the influence of the axial stress and the distribution of vertical rebar were analyzed.
It should be noted that many other parameters were not considered, such as aspect ratio, vertical
reinforced ratio, and boundary conditions. Further research is needed to obtain enough data about the
PRMSWs in flexural failure and shear failure with different test parameters. Additional theoretical
and numerical studies have the potential to improve the research and engineering applications of
the PRMSW.
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