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Unreinforced masonry structures are vulnerable to seismic action, especially with window
openings. Therefore, a strengthening technique needs to be proposed to improve the
seismic performance of the confined masonry walls with window openings. In this study,
hybrid fibers modified reactive powder concrete (HFMRPC) with good composite action to
masonry walls were obtained through material tests. Then, the HFMRPC material was
used as a coating to strengthen or repair the confined masonry walls with window
openings by single-sided full coverage, double-sided full coverage, single-sided
coverage in piers, and double-sided coverage in piers. To investigate the effect of
HFMRPC coating on strengthening or repairing the confined masonry walls with
window openings. Seven half-scale masonry walls were tested under in-plane quasi-
static horizontal loading. The results indicated that the retrofitting technology using
HFMRPC coating could effectively enhance the load-bearing capacity, energy
dissipation capacity of the strengthened and repaired masonry walls and delay their
stiffness degradation. Among the above-mentioned strengthening methods, the
strengthening in piers significantly enhanced the ductility and energy dissipation of the
specimens, and the double-sided full coverage enhanced the load-bearing capacity and
stiffness of the specimens. Finally, a simplified analysis method was proposed to calculate
the shear bearing capacity of the strengthened or repaired confined masonry walls with
window openings based on theoretical analysis and test results.

Keywords: confined masonry wall with window opening, hybrid-fiber modified reactive powder concrete,
retrofitting, cyclic loading, seismic behavior

INTRODUCTION

As one of the primary structural forms with a long history, masonry structure is widely used in
mainland China. In recent years, two major earthquakes, i.e., Wenchuan Earthquake in 2008 and
Yushu Earthquake in 2010, happened in mainland China. Due to the various anisotropy and
brittleness of brick, existing masonry structures have a greater vulnerability in earthquakes and are
severely damaged under strong earthquake effects (Tai et al., 2011). Meanwhile, any masonry
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opening can seriously weaken the shear bearing capacity,
ductility, and initial stiffness, which changes the failure pattern
of masonry walls (Shariq et al., 2008). Therefore, masonry walls
with window openings were severely damaged under
earthquakes. An effective strengthening technique is needed to
improve the seismic performance of masonry structures,
especially for those with window openings.

Different kinds of Fiber-reinforced polymers (FRP)
materials are widely used to reinforce masonry walls are
proved to be an effective reinforcement method
(Foraboschi, 2016; Guerreiro et al., 2018; Kalali and Kabir,
2012). Masonry walls reinforced with FRP can effectively
improve the in-plane shear strength (Konthesingha et al.,
2013; Leal-Graciano et al., 2020). The integrity of the
masonry wall can be maintained under large deformation
caused by the lateral displacement, and the collapse of the
wall is also delayed, which enhances the deformation capacity
and energy dissipation of the masonry wall (El-Diasity et al.,
2015). However, organic binders (epoxy resin, etc.) are applied
to FRP during strengthening construction. Hence, there are
problems of poor behavior in bond at high temperature and its
irreversibility and limitations such as incompatibility and poor
coordination between FRP and masonry substrates (Bui et al.,
2015). It will not only cause damage to human health but also
be detrimental to the environment. Some progress attempts
have been made to use inorganic matrices instead of FRP
bonding as the strengthening method to solve these problems.
A composite system consisting of continuous multiaxial
hybrid fibers embedded in the mortar-based matrix was
proposed and denominated Textile Reinforced Mortar
(TRM). Internationally, the inorganic composite systems
reinforced by textile are also named Textile Reinforced
Concrete/Cement (TRC) (Bisby et al., 2011; Cheng et al.,
2020), Fiber Reinforced Cementitious Matrix/Mortar
(FRCM) (Del Zoppo et al., 2019a; Mercedes et al., 2020),
Cementitious Matrix Grid (CMG) (Prota et al., 2006),
Composite Reinforced Mortar (CRM) (Del Zoppo et al.,
2019b), or Inorganic Matrix-Grid (IMG) (Augenti et al.,
2011; Parisi et al., 2013). The research has shown that the
application of TRM is served as an alternative to the
application of FRP. Since TRM was proven effective in
strengthening concrete specimens, it was also introduced
into strengthening masonry structures (Papanicolaou et al.,
2007; Papanicolaou et al., 2008). The brittle failure of masonry
walls can be improved by using the TRM strengthening
method, which ensures the integrity at the failure and
increases the ultimate load of the strengthened masonry
wall (Dong et al., 2020; Garcia-Ramonda et al., 2020). With
the growing awareness of environmental protection, more
researchers have started to use green and sustainable plant
fibers such as flax, hemp, coir, sisal, and jute as reinforcement
materials in inorganic composites, which can be served as
alternatives to traditional inorganic fibers and are more
friendly to the environment (Ferrara et al., 2020). However,
the construction procedure of the TRM system is complicated,
which requires a smooth application of mortar before laying
the single or multiple layers of fibers on the wall surface. The

lateral strength of the masonry structures strengthened with
the TRM system is lower than that of those strengthened with
FRP. Meanwhile, there is still some uncertainty about the long-
term durability of TRM composite systems in freeze-thaw
cycles, hygrothermal environments, and alkaline
environments (Al-Lami et al., 2020).

Engineered cementitious composite (ECC) is a material with
strain hardening properties and multiple crack development
under the tensile and shear loading. The tensile and shear
properties of the specimens are improved due to the “bridge
effect” of the fibers within the ECC (Cai et al., 2021; Ding et al.,
2022; Li and Leung, 1992). Many researchers have used ECC to
strengthen masonry walls, and test results indicated that the
stiffness, ductility, and energy dissipation capacity of the
masonry structures strengthened with ECC can be effectively
improved (Deng and Yang, 2020; Dong et al., 2022a; Dong et al.,
2022b; Niasar et al., 2020). Although the shear strength of the
masonry structure continues to be increased as the thickness of
ECC coating, the increased rate of the shear strength gradually
decreases (Lin et al., 2014). In addition, with the increasing
thickness of the masonry wall, the retrofitting effect of ECC
coating becomes less and less obvious (van Zijl and De Beer,
2019). Compared with the other strengthening methods,
constructing the additional plaster coating is relatively
simple, which effectively shortens the construction period
and reduces the damage to the external facade and the initial
wall. Furthermore, the application of the plaster coating can also
guarantee minimal interference to the use of the current
building during construction. Therefore, an effective
plastered strengthening material for masonry structures that
need to be developed is significant. Reactive powder concrete
(RPC) coating has been used to strengthen and repair the
confined masonry walls (Wang et al., 2019). The in-plane
seismic behavior of the masonry walls strengthened with
RPC coating was improved significantly. Due to the
interaction between RPC coating and the masonry wall, the
bond between the mortar and brick interface was enhanced, and
the restriction between the concrete frame and masonry wall
was also improved (Wang et al., 2021).

In this paper, a retrofitting technology using hybrid fibers
modified reactive powder concrete (HFMRPC) was used to
strengthen or repair the confined masonry walls with window
openings. A mixed proportion of HFMRPC material with
moderate compressive strength but an excellent surface bond
property with brick was developed. Then, seven half-scale
confined masonry walls with window openings were
constructed, and six of them were strengthened or repaired
with HFMRPC coating. Subsequently, the unstrengthened,
strengthened, and repaired masonry walls were tested under the
in-plane quasi-static lateral loading. The effectiveness of the
HFMRPC strengthening technology was evaluated in terms of
seismic performance parameters such as the load-carrying
capacity, failure mode, crack development, displacement
ductility, stiffness, and energy dissipation of the masonry walls.
In addition, a simplified calculationmethod for the shear resistance
of the confined masonry walls with window openings was
proposed based on the theoretical analysis and test results.
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MATERIALS AND METHODS

Characterization of HFMRPC and Mixture
Proportion
Traditional RPC is characterized by high strength, toughness,
and fluidity. Compared with the traditional RPC, the
compressive strength of brick is much less. If the difference
of compressive strength between the bricks and the
strengthening materials is too great, it is neither economic
nor conducive to the coordination of the two materials.
Furthermore, due to the high fluidity of RPC, it is difficult to
be used as plastering without using molds when strengthening
masonry structures. Based on the above problems, the
traditional RPC needs to be modified according to the design
theory of RPC. The modified RPC (i.e., HFMRPC) can be
adapted to the characteristics of the masonry wall, and it has
a good bond with the masonry wall to ensure the better integrity
of the strengthened structure under seismic action. Therefore,
the strength and fluidity of the modified RPC need to be reduced
while its ductility and adhesion need to be increased.

In this study, the hybrid-fiber modified reactive powder
concrete (HFMRPC) matrix consists of ordinary Portland
cement, medium river sand, fly ash, mineral powder, and silica
fume. Then, steel fibers (diameter: 0.2 mm, length: 13 mm),
polypropylene (PP) fibers (diameter: 45 μm, length:
18–20 mm), and high-efficiency polycarboxylate water reducer
agent (water-reducing rate ≥35%) were also added to the matrix.
The fluidity, adhesion, and compressive strength were used as the
screening conditions for the mixture to ensure the composite
action of HFMRPC coating and brick wall. Different mix
proportions were designed to explore the effect of the water-
cement ratio and water reducer agent on the HFMRPC material.
The mixed proportions of HFMRPC in this study are listed in
Table 1.

Preparation and Mechanical
Characterization of HFMRPC
First, the raw materials, including cement, medium river sand,
mineral powder, silica fume, and fly ash, were put into the mixer
and mixed in turn. Then, it was followed by the even addition of
steel fibers and PP fibers to the mixture. During the mixed
process, the fiber agglomeration should be prevented. The dry
materials should be pre-mixed for more than 4 min to ensure

that all materials were well mixed. Finally, the water and water
reducer agent were added, and then the mixture was stirred
again for more than 4 min. After the HFMRPC was well stirred,
three cubes (100 mm × 100 mm × 100 mm) were prepared for
each batch. After 24 h of natural curing, the tested cubes were
demolded. Then, after 28 days of natural curing, the average
compressive strength of the three cubes for each batch was
measured.

The compressive strengths of the HFMRPC materials with
various mix proportions are shown in Figure 1, and the fluidity of
each mixture is listed in Table 1. The required strength of the
reinforcing material is not high as the strength of brick is
relatively low. However, fluidity and viscosity are the key
factors to achieve plastering. The viscosity was gradually
increased as the fluidity was decreased. By comparing the
mixtures 4, 5, and 6, it can be found that at the same water-
binder ratio, the flowability and compressive strength of the
mixtures increased with the increase of the water reducer
agent, while their viscosity was reduced. When comparing the
mixtures 2, 3, and 4, the compressive strength decreased
significantly with the increase of the water-binder ratio. In

TABLE 1 | Mix proportions of HFMRPC.

Mixture Cement Sliver
sand

Silica
fume

Fly
ash

Mineral
powder

Steel
fiber
(vol
%)

PP
fiber
(vol
%)

water Water
reducer
agent
(%)

Fluidity
(mm)

1 1 2.08 0.3 0.4 0.3 1.50 0.50 0.80 0.00 149
2 1 2.08 0.3 0.4 0.3 1.50 0.50 0.38 0.30 152
3 1 2.08 0.3 0.4 0.3 1.50 0.50 0.48 0.20 138
4 1 2.08 0.3 0.4 0.3 1.50 0.50 0.58 0.10 132
5 1 2.08 0.3 0.4 0.3 1.50 0.50 0.58 0.20 158
6 1 2.08 0.3 0.4 0.3 1.50 0.50 0.58 0.30 177

FIGURE 1 | Compressive strength of the HFMRPC materials with
various mix proportions.
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addition, the addition of fiber to the matrix resulted in a decrease
in flowability but an improvement in viscosity. Therefore, the
compressive strength of HFMRPC was reduced by increasing the
water-binder ratio, and the difference in compressive strength
between the brick and HFMRPC was also decreased. Also, with
the reduction of the water reducer agent, the flowability and
compressive strength of HFMRPC was reduced, but its viscosity
was increased, which can be applied on the surface of masonry
walls by using hand-trowel. Finally, mixture four was selected
for strengthening and repairing the masonry structures based on
the test results.

Description of Masonry Walls
Seven half-scale masonry walls consisting of a ring beam, two
confining columns, a reinforced concrete footing, and a masonry
wall with a window were constructed. Two-bolt holes were
reserved in the reinforced concrete footings of the brick walls,
and then they were firmly anchored to the strong laboratory floor
with 100 mm-diameter high strength bolts. The bolts can avoid
any uplift and slip when the horizontal displacement loading was
applied. All the brick walls were constructed by an experienced
bricklayer with a typical bond pattern and the same construction,
which included the low-strength mortars, clay bricks, and uneven

FIGURE 2 | Details of the tested wall (unit: mm) (A) the layout, reinforcement, and facades of tested walls (B) strengthening methods for the tested walls.
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mortar joints. These construction technologies were intentionally
used to construct the confined masonry walls because these walls
were widely applied in the countryside of mainland China.

The details of the tested walls are shown in Figure 2. The aspect
ratio of the seven walls was 1:1. Specimen URMW-1 was the
controlled specimen without any strengthened measure. Specimen
SRMW-2 was strengthened with overall HFMRPC coating only on
one side to prevent the indoor space from being occupied. Specimen
DRMW-3 was strengthened with the overall HFMRPC coating on
both sides. SpecimenDRMW-4was strengthened in the sameway as
the specimen DRMW-3, and only the thickness of the HFMRPC
coating was different. Specimen SPRW-5 was single-side
strengthened with HFMRPC coating only in the piers. Specimen
DPRW-6 was double-side strengthened with HFMRPC coating only
in the piers to improve the local rigidity of the masonry wall.
Specimen DRUW-7 was repaired and strengthened with
HFMRPC coating after the URMW-1 was tested. The differences
in strengthening methods are shown in Table 2. Before the test,
white latex paint was applied on the surface of the specimens for a
better observation of the cracks during cyclic loading.

The first procedure for strengthening the masonry wall was to
deal with its surface. After the strength of the mortar reached to
the standard of use, all the loose cement mortar and dust were
removed from the surface of the masonry wall that was required
to be strengthened. After that, the polished specimens were got
wet by sprinkling water and then placed in a ventilated place until
the dry surface with a saturated condition was reached. Finally,
HFMRPC coating with various thicknesses was smeared on the
uneven masonry surface. When repairing the specimen URMW-
1 after being tested, the crushed bricks were first removed, and
then the dislodged and broken mortar joints were also cleared,
and then the same procedure was taken as that for strengthening
the other specimens. Furthermore, it was worth noting that the
hole joints generated from removing the broken bricks and
mortar in the masonry walls should be first filled with
HFMPRC plastering. Finally, the specimens were strengthened
with the HFMRPC coating. The 28-days outdoor curing was
recommended before the strengthened specimens were used.
Furthermore, the strengthened specimens should be kept
moist during the first week of the curing process to prevent
the cracking caused by the shrinkage of the coating.

Material Properties
The mechanical properties of the bricks, cement mortar,
reinforcing bars, HFMRPC, and concrete used in this study

were determined according to the standardized testing
procedures. The confined masonry walls were built using
sintered clay bricks with the standard dimension of 240 mm ×
115 mm × 53 mm (length × height × thickness). Furthermore, all
the HFMRPC cubes, mortar cubes, and concrete cubes were made
from the same batch of materials and cured under the same
conditions when the masonry walls were constructed. The
measured compressive strengths of the bricks, cement mortar,
HFMRPC, and concrete used in this study are listed in Table 3.

Test Setup, Loading System, and
Instrumentation
In this study, the seven half-scale specimens were tested in the
Engineering Structure Disaster Prevention and Mitigation
Laboratory of Shandong Architectural University, China. The
actual force boundary conditions of the wall were simulated by
the loading system, which included the constant vertical loading
and the lateral cyclic loading with a displacement-controlled
loading protocol. A 50 kN hydraulic jack (MTS) installed on
the ring beam was used to impose the horizontal cyclic loading
with displacement control. After the specimen was installed, a
distribution steel beam was placed on the top of the specimen. A
vertical load of 200 kN was applied on the top center of the
distribution steel beam using a 100 t on a hydraulic jack to
simulate a constant vertical compressive stress of 0.5 MPa
transmitted from the gravity load. During the test, the vertical
load was kept constant. The setup used for the quasi-static cyclic
test is shown in Figure 3.

The horizontal loading pattern is shown in Figure 4. The
displacement loading was divided into four stages, in which each
level of displacement loading was cycled twice. The positive and
negative displacements were the push and pull directions,
respectively, as shown in Figure 3. The first stage was the
elastic stage, and the displacement increment was chosen to
start from 0.2 mm until the specimen was cracked to observe
the development of the cracking process. The second stage was
the elastic-plastic stage after cracking until the specimen yielded,
and the displacement increment was increased to 0.4 mm.
Subsequently, the third stage was the plastic stage after
yielding until the peak load, and the displacement increment
was changed to a higher level of 0.8 mm. Finally, the displacement
increment in the fourth stage was turned into 1.6 mm after the
peak load, and the bearing capacity continued to be decreased.
According to the Chinese code (JGJ/T 101—2015), the test was

TABLE 2 | Strengthening methods for the tested walls.

Specimen Strengthening method The thickness of
HFMRPC coating (mm)

Source of specimen

URMW-1 None 0 Initial
SRMW-2 Single-sided full coverage 30
DRMW-3 Double-sided full coverage 30
DRMW-4 Double-sided full coverage 15
SPRW-5 Single-sided coverage in piers 30
DPRW-6 Double-sided coverage in piers 30
DRUW-7 Double-sided full coverage 30 Tested URMW-1
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loaded until the horizontal bearing capacity of the specimen
dropped to 85% of the peak load.

The applied loads and displacements at the critical locations of
the specimens were measured with two load cells and four linear
variable displacement transducers (LVDTs), among which the
lateral load was calibrated by a load cell installed in the MTS
actuator. Another load cell was connected to the vertical
hydraulic jack to guarantee the constant vertical load. The
LVDT W1 was used to calibrate the horizontal displacement
applied by the MTS actuator, which represented the horizontal
displacement of the ring beam. The LVDT W2 was used to
measure the horizontal displacement at the bottom of the

specimen. The LVDT W3 was used to measure any possible
slippage of the reinforced concrete footings relative to the strong
laboratory floor. The LVDT W4 was placed at the middle of the
ring beam to measure the displacement out-of-plane. The top of
the specimen can move freely in-plane and out-of-plane,
monitored in real-time by LVDT W4. During the test, the
value of W4 was found to be small. Hence, the effect of out-
of-plane bending on the specimen was negligible. The schematic
layout of the displacement measurement points can be seen in
Figure 2A. All LDVTs were connected to a computer-controlled
data acquisition system. The visible crack patterns were
continuously monitored after each load level was applied and
marked on the specimens.

EXPERIMENTAL OBSERVATIONS

Failure Mode and Cracking Pattern
The failure mode and crack pattern for the unreinforced
specimen URMW-1 are shown in Figure 5. The first crack in
URMW-1 appeared at the upper corner of the window due to the
stress concentration and then developed along the mortar joints.
With increasing displacement, the cracks appeared at the bottom
of the constructional columns, and the cracks at the window
corners were gradually extended towards the diagonal direction
in a stepped pattern. When the peak load was reached, the
mortars continued to be spalled from bricks, and bricks in
piers were crushed. Finally, the URMW-1 failed with the
crushing of the piers and the column toe after the major shear
cracks penetrated the edge of the constructional column.
Meanwhile, the window was deformed, and an apparent
inward convex from the window frame was observed. The
failure mode for URMW-1 was a typical diagonal compression
failure, which showed the characteristic of brittle damage. It
indicated that the physical characteristics of bricks and the
bonding capacity between bricks and mortar had an essential
effect on the seismic bearing capacity for the URMW-1.

Figure 6 shows the failure mode and crack pattern for the
single-side strengthened specimen SRMW-2. The first crack in
SRMW-2 appeared in the mortar at the window corner on the
unreinforced side. With increasing displacement, the window
corners on both sides cracked successively and formed a stepped
crack extending to the diagonal. When reached the failure
displacement, the coating was partially separated from the
edge of the constructional column. Moreover, the concrete at
the bottom of the constructional column was crushed. The failure
mode for SRMW-2 was a typical shear slip failure, and the brittle
characteristic was significantly improved compared with
URMW-1. The failure mode on both sides of the SRMW-2
was similar, where the shear failure developed from the
diagonal cracks in the HFMRPC coating and the mortar joints

TABLE 3 | Compressive strength of the materials.

Test units Clay brick Cement mortar HFMRPC Concrete

Compressive strength (MPa) 7.42 1.90 45.2 35.50

FIGURE 3 | Schematic diagram of the test setup.

FIGURE 4 | Horizontal loading pattern.
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near the window corner. On one side of the SRMW-2 that was not
reinforced, the mortar joints were less damaged than URMW-1,
mainly because the HFMRPC coating enhanced the bond
between the brick and mortar and provided restraint and
protection to the brick wall. It demonstrated that the bonding
property between the coating and the brick wall was well under
the horizontal cyclic loading, and both of them deformed
collaboratively to bear the shear force together.

As shown in Figure 7, the failure mode and crack pattern for
specimens DRMW-3 and DRMW-4 were similar to specimen
SRMW-2, both of which were typical shear slip failures with no
significant improvement in the characteristics of brittle damage
compared with the URMW-1. Both specimens were damaged
with diagonal cracks on the coating, where the steel fibers were
pulled out, and the PP fibers were broken. Meanwhile, at the edge
of the sides of the constructional columns, there were only fine

cracks, but no spalling occurred between the coatings and the
brick walls. Furthermore, it was found that the bricks near the
cracks were severely damaged after the coating was removed. The
brick chips were bonded in the removal coating, indicating a good
bond between the brick walls and coatings. The maximum width
of the crack in DRMW-4 was wider than that in DRMW-3 at the
time of failure. It indicated that the extent of the damage for the
specimen was decreased with the increase of coating thickness. In
brief, the integrity and stiffness were evenly increased due to the
restriction of the double-sided coating. Hence, it resulted in a
more even distribution of shear stress and made a pivotal
contribution to improving the bearing capacity.

The failure mode and crack patterns for specimens SPRW-5
and DPRW-6 are shown in Figure 8. The first crack in both
specimens appeared at the junction of the spandrels and the
coating. As the loading continued, the shearing cracks of the

FIGURE 5 | Failure mode and crack pattern for URMW-1 at ultimate displacement.

FIGURE 6 | Failure mode and crack pattern for SRMW-2 at ultimate displacement.
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spandrel developed diagonally along the mortar joints, and the
concrete lintel beam on the upper part of the window also
cracked. When the specimens reached the ultimate
displacement, the spandrels were severely damaged and
formed a characteristic “X-type” crack pattern on the side
reinforced with the coating. Meanwhile, the edge of the
coatings on the spandrels was separated from the wall.
However, the piers on both sides were relatively intact due to
the protection of the coating.

A mixed failure mode was observed in the specimens SPRW-
5 and DRMW-6. It included a shear failure in the spandrels and
a flexural failure in the piers. The two specimens exhibited the
characteristic of ductile damage, showing a different failure
mode from the other specimens. The two strengthening
methods significantly increased the stiffness difference
between the piers and spandrels. Therefore, it can be
regarded that the strengthened piers were similar to two rigid
columns, which were connected by a ring beam that was similar
to a coupling beam in the shear wall. The damage to the
specimens was caused by the generation of plastic hinges on
the edge of the ring beam. Eventually, a rocking mechanism was

generated on the rupture plane. This failure mode can consume
a part of the earthquake energy in advance, which the seismic
capacity of the spandrels was maximized, and the ductility of the
specimens was also improved effectively.

In Figure 9, a shear slip failure was observed in the repaired
specimen DRUW-7, the same as the specimen DRMW-3. The
initial cracks developed from the four corners of the window and
progressed along with the coating towards the diagonal direction
in a stepped pattern. Eventually, the cracks at the bottom corner
of the coating joined the shear crack at the bottom of the
constructional columns, and the DRUW-7 failed. The brick,
mortar joints, and concrete of the specimen URMW-1 had
been damaged after the test. The constructional column at the
bottom was also penetrated completely by shear cracks.
Therefore, the damage extent of the DRUW-7 was more
severe than that of the DRMW-3. The window of the
URMW-1 developed significant plastic deformation at the
time of failure, but after being repaired with HFMPRC
coating, the shear stress was better redistributed due to the
restraining effect of the coating, which prevented the
continuous deformation of the window.

FIGURE 7 | Failure mode and crack pattern for DRMW-3 and DRMW-4 at ultimate displacement (A) DRMW-3 (B) DRMW-4.
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FIGURE 8 | Failure mode and crack pattern for SPRW-5 and DPRW-6 at ultimate displacement (A) SPRW-5 (B) DPRW-6.

FIGURE 9 | Failure mode and crack pattern for DRUW-7 at ultimate displacement.
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Hysteretic Curves of Load-Displacement
The hysteretic curves of all specimens are shown in Figure 10. No
significant strength and stiffness degradation were observed in
the second cycle of each displacement loading. Hence, the
hysteretic curves of the first cycle in each displacement
loading step were selected for comparative analysis. Before
each specimen cracked, the hysteresis curves were almost
linear, while the shape of the hysteresis curves curved
significantly after cracking. The specimens reached the peak

load after a smooth rising period. Due to the continuous
development of shear cracks during the loading process, the
hysteretic curves of the specimens showed an inverse “S”
shape at the failure.

Due to the fragility of the bricks and the existence of window
openings in the wall, the elastic deformation capacity of the
controlled specimen URMW-1 was the lowest. Hence, a
noticeable pinching effect in its hysteretic curve was observed.
The URMW-1 experienced the most severe damage when the
peak load was reached and produced a relatively large residual
deformation and a significant slip. Nevertheless, the pinching
behavior of the hysteretic curves was mitigated for all the
strengthened specimens compared with the URMW-1.
Although specimen SRMW-2 was only strengthened on one
side by HFMRPC coating, the whole specimen remained intact
after the failure. As the double-sided full coverage reinforcement
increased the stiffness and integrity significantly, the pinching
behavior of the hysteresis curve in specimen DRMW-3 was
improved most obviously. Compared with the other
specimens, the bearing capacity of specimen DRMW-3 was
the highest, but it decreased fastest after reaching the peak
load. The stiffness difference between the spandrels and piers
in specimens SPRW-5 and DPRW-6 was increased through the
strengthening in piers. Therefore, the earthquake-resistant
behavior of the wall was fully exerted. This reinforcement
decreased the bearing capacity at a flat rate, and the ductility
was significantly improved. The hysteresis response of the
repaired specimen DRUW-7 did not perform as well as the
strengthened specimen DRMW-3, but it was significantly
improved compared with the unstrengthened specimen
URMW-1.

In summary, the hysteresis response of the strengthened or
repaired specimens was effectively enhanced by using the
proposed HFMRPC strengthening technique.

FIGURE 10 | Hysteresis curves.

FIGURE 11 | Skeleton curves of load-displacement.
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RESULTS AND DISCUSSION

Skeleton Curves of Load-Displacement
The skeleton curves of each specimen are compared in Figure 11.
All specimens were in the linear elastic stage at the beginning of
loading. Due to the different ways to strengthen the specimens
using HFMRPC coating, the duration of the linear elastic stage
was also related to the stiffness of the specimens. Hence, the
improvement in the stiffness and the duration of the linear elastic
stage were also different. Moreover, the horizontal load of the
strengthened specimens was much higher than that of the
unstrengthened specimen URMW-1 at the same horizontal
displacement.

Afterward, the specimens entered the elastic-plastic stage,
where the slope of the skeleton curves and the stiffness
gradually decreased, while the bearing capacity continued to
be increased until the specimens reached the peak load. After
reaching the peak load, the bearing capacity of all specimens
started to decrease, among which, the bearing capacity of
specimen URMW-1 continued to be decreased and was
severely damaged. The specimens SRMW-2, DRMW-3, and
DRMW-4 had severe cracking in the coating along the
diagonal direction from the window corner, and the
constructional columns were penetrated by the through-length
shear cracks, which led to a sudden decline in the bearing capacity
of the specimens. Compared with other specimens, the bearing
capacity of specimens SPRW-5 and DPRW-6 was not much
different from the single-sided reinforcement specimen SRMW-
2, but their strength decreased slowly. It was mainly due to the
large stiffness difference between the piers and spandrels after the
piers were reinforced with the HFMPRC coating. The
reinforcement method in piers enabled a full function of the
spandrels and improved the deformation capacity of the
specimens, which led to a slight decrease of the bearing
capacity until the ductile failure occurred.

As shown in Table 4, the cracking load (Pcr) and peak load
(Pu) of specimens were compared. When the specimens were
reinforced with HFMRPC coating, the cracking and peak loads
increased to different extents. Compared with the specimen
URMW-1, the cracking load of specimen SRMW-2 was
improved by 49.6%, while the improved extent for the
cracking load of the other strengthened specimens ranged
from 174.3 to 620.0%. In terms of peak load, the ultimate
bearing capacity of the strengthened specimens SRMW-2,
SRRW-5, and DPRW-6 increased by 85.5, 63.5, and 94.7%,

respectively, while the improvement in the ultimate bearing
capacity of the specimens DRMW-3 and DRMW-4 were
much more significant (by 172.1 and 130.4%, respectively).
The thickness of the coating in specimen SRMW-2 was the
same as the total thickness of the coating in specimen
DRMW-4. In contrast, the bearing capacity of specimen
DRMW-4 was significantly higher than that of specimen
SRMW-2, which indicated that the effect of double-sided
coating reinforcement was particularly remarkable to enhance
the bearing capacity. After the specimen DRUW-7 was repaired
with the HFMRPC coating, its cracking load was almost the same
as the reinforced specimen DRMW-3. However, due to the
existing damage in the bricks, mortar joints, and concrete, the
peak load of the specimen DRUW-7 was lower than specimen
DRMW-3, and the peak load was only improved by 147.5%
compared with the specimen URMW-1. It indicated that the
HFMRPC coating had a strong composite restraint effect on the
specimens and protected brick walls, which significantly
enhanced the seismic bearing capacity of the specimens. In
particular, the double-sided full coverage reinforcement
showed the most significant effect on improving composite
restraint effect and bearing capacity.

Displacement Ductility
Displacement ductility is an important parameter that reflects the
deformation capacity of the specimen after yielding under the
action of seismic force. The ductility coefficient (μ0.85) reflects the
plastic deformation capacity and failure form of the specimen,
which is calculated by the ultimate displacement divided by the
yield displacement. A higher ductility coefficient indicates that
the structure has a stronger plastic deformation ability and its
failure form is a ductile failure, which results in better
deformation capacity and energy dissipation capacity for the
structure under earthquakes.

To accurately quantify the seismic performance of specimens,
the displacements values at critical stages and the ductility
coefficient of the seven specimens are listed in Table 5. In the
study, the value of cracking displacement for the specimens is
determined by the displacement value corresponding to the first
visible crack. The yield displacement of the specimens is
determined by the “Park Method.” The peak displacement was
determined by the displacement value corresponding to the
maximum load on the skeleton curve. The ultimate
displacement was determined by the displacement value
corresponding to the load drops to 85% of the peak load.

TABLE 4 | Critical load values of the specimens.

Specimen Cracking load
Pcr (kN)

Improvement Peak load
Pu (kN)

Improvement Pcr/Pu

URMW-1 7.0 — 93.5 — 0.07
SRMW-2 10.5 49.6% 173.4 85.5% 0.06
DRMW-3 47.8 582.9% 254.4 172.1% 0.19
DRMW-4 38.4 448.6% 214.9 130.4% 0.18
SPRW-5 19.2 174.3% 152.9 63.5% 0.13
DPRW-6 29.2 317.1% 182.0 94.7% 0.16
DRUW-7 50.4 620.0% 231.4 147.5% 0.22
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As shown in Table 5, the displacement ductility worked out
at the peak load varies from 2.13 to 7.01. The minimum ductility
coefficient was obtained in the double-sided full coverage
specimen DRMW-3, while the maximum ductility coefficient
was obtained in the single-sided coverage in piers specimen
SPRW-5, 112.7% higher than that of URMW-1. Compared with
specimen URMW-1, the ductility coefficients of specimens
SRMW-2 and DPRW-6 increased by 16.6and 70.1%,
respectively, while the specimens DRMW-3, DRMW-4, and
DRUW-7 decreased by 25.5, 4.1, and 12.4%, respectively. The
higher ductility coefficients of the specimens SPRW-5 and
DPRW-6 were that the reinforcement in piers of the
specimen could increase the stiffness ratio between the
spandrels and piers, which resulted in adequate damage in
spandrels and thus delayed the failure displacement. The
ductility coefficients of specimens DRMW-3, DRMW-4, and
DRUW-7 were lower than the specimen URMW-1. It was
attributed to the stiffness being increased by the double-sided
full coverage reinforcement. Hence, the cracking load was
significantly increased, resulting in the advanced peak
displacement. After reaching the peak displacement, the shear
cracks in the coating developed faster, which led to the shear
force being transferred from the coating to the masonry wall and
the constructional column. Therefore, the bearing capacity of
the three specimens decreased faster, and the failure of three
specimens was earlier. It was worth noting that the strengthened
coating of specimen DRMW-3 was thicker than that of
specimen DRMW-4. Although the yield displacements of the
two specimens were almost the same, the peak and failure
displacements of specimen DRMW-3 were lower than that of
specimen DRMW-4. It indicated that as the thickness of the
HFMRPC coating increased, the peak and failure displacements
were earlier to be reached, and it was more prone to brittle
failure. Due to the increased yield displacement of specimen
SRMW-2, the improvement in ductility coefficient was slight,
and the push direction was only 3.3% higher than that of
specimen URMW-1. The damaged area of specimen DRUW-
7 was repaired with HFMRPCmaterial. Due to the high ductility
of the repaired material, the ductility of the repaired specimen
DRUW-7 was improved by 17.5% compared with the reinforced
specimen DRMW-3. It demonstrated that compared with other
reinforcement methods, the way of reinforcement in piers could
effectively improve the ductility of specimens.

Stiffness Degradation
Stiffness degradation is essentially a phenomenon that the ability
to resist deformation is gradually weakened due to the
accumulation of internal structural damage under the action
of cyclic loading. The stiffness degradation curve reflects the
changing pattern of stiffness and the difficulty of resisting
deformation at each specimen stage, such as cracking, damage,
and destruction. The cyclic stiffness for the first cycle can be
calculated approximately by Equation. 1:

Ki � F+
i − (F−

i )
Δ+
i − (Δ−

i ) (1)

The stiffness degradation for all the tested specimens was
compared in Figure 12. When cracks were observed in the
walls, the secant stiffness decreased significantly. In the later
stages of loading, the stiffness degradation tended to be slow,
and the reduction rate slowed down for all specimens. The
specimen DRMW-3 strengthened with double-sided full
coverage reinforcement showed a more significant residual
stiffness at the failure time. Compared with specimen URMW-
1, specimen SRMW-2 improved only by 57.9%, while the peak

TABLE 5 | Critical displacements of the specimens.

Specimen Cracking
displacement

Δcr (mm)

Yield
displacement

Δy (mm)

Peak
displacement

Δp (mm)

Ultimate
displacement
Δμ0.85 (mm)

μ0.85 μ0.85 �μ0.85

Push Pull Push Pull Push Pull Push Pull Push Pull Avg

URMW-1 0.46 −0.53 6.91 −6.21 20.5 −15.7 20.5 −20.6 2.97 3.32 3.14
SRMW-2 1.06 −1.16 7.76 −8.74 23.7 −23.7 30.1 −30.0 3.88 3.43 3.66
DRMW-3 1.56 −1.42 5.71 −6.84 8.93 −10.6 14.5 −14.6 2.54 2.13 2.34
DRMW-4 1.36 −1.42 6.98 −5.74 14.1 −14.2 18.9 −19.0 2.72 3.31 3.01
SPRW-5 0.57 −0.62 5.03 −4.56 27.0 −17.6 31.9 −32.0 6.34 7.01 6.68
DPRW-6 1.06 −1.16 7.07 −7.67 15.8 −20.6 38.1 −40.6 5.39 5.29 5.34
DRUW-7 1.06 −1.16 8.26 −8.43 10.3 −10.3 22.9 −23.0 2.77 2.73 2.75

FIGURE 12 | Stiffness degradation curves.
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stiffness of specimens DRMW-3, DRMW-4, SPRW-5, DPRW-6,
and DRUW-7 improved by 184.1, 146.1, 145.1, 226.6, and 302.9%,
respectively. Therefore, due to the strong composite restraint
provided by the HFMRPC coating, each reinforcement method
could enhance the stiffness of the specimens. Among them, the
double-sided full coverage reinforcement had a significant effect on
the improvement of stiffness, which can be enhanced with the
increased thickness of the coating. The decreasing trend of the
stiffness degradation curves for the specimen SPRW-5 and
DPRW-6 tended to be significantly flat, which indicated that
the two reinforcement methods effectively improved the brittle
failure of specimens. Compared with the single-sided and double-
sided strengthening of each reinforcement method, the latter
significantly enhanced the peak stiffness and substantially
enhanced the resistance to deformation. In summary, double-
sided full coverage reinforcement can significantly improve the
stiffness of masonry walls, but the improvement to brittle failure
was not noticeable. The other reinforcement methods changed the
damage mode from brittle damage to ductile damage and
improved the stiffness of the specimens.

Energy Dissipation
The energy dissipation in each cycle is defined by the area
enclosed within the load-displacement hysteretic curve, which
reflects the seismic performance of the masonry structure in the
elastic-plastic state. Five energy dissipation parameters were
calculated based on the hysteretic curves, including energy
dissipation at yield displacement (Ey), energy dissipation at
peak displacement (Ep), energy dissipation at failure
displacement (Ef), single-cycle energy dissipation (Es), and
cumulative energy dissipation (Ec) to evaluate the energy
dissipation capacity of tested specimens at different stages. The
area enclosed by the hysteretic curve of the first cycle in each
horizontal displacement loading step was the single-cycle energy
dissipation, and the cumulative dissipation energy was calculated
by the total sum of single-cycle energy dissipation.

The single-cycle energy dissipation and the cumulative
dissipation energy are plotted in Figure 13, and the energy
dissipation at each stage of the specimens was compared in
Table 6. The energy dissipation capacity in all stages of the
specimens was significantly improved by strengthening with
HFMPRC coating. The ranking for the cumulative energy
dissipation using different strengthening methods: URMW-1 <
DRMW-3 < DRMW-4 < DRUW-7 < SPRW-5 < SRMW-2 <
DPRW-6. Since it required a larger displacement and loading cycle
for the unreinforced specimen URMW-1 to dissipate the same
energy, URMW-1 suffered the most severe damage. The energy
dissipation at yield displacement for specimen DRMW-3 was
significantly higher than that of the other strengthened
specimens because the stiffness and strength were significantly
increased by using double-sided full coverage reinforcement,
which enhanced the areas of the hysteretic curves (i.e., energy
dissipation capacity). Compared with the other specimens,
although DRMW-3 consumed the most energy in single-cycle
energy dissipation, it reached the peak and failure displacement at
the earliest time. Hence it consumed the least cumulative
dissipation energy at the peak and failure displacement. The
specimen DPRW-6 that adopted the double-sided coverage in
piers reinforcement showed the advantage of high ductility, and it
also experienced the largest elastic-plastic deformation. Therefore,
the energy dissipation of DPRW-6 in the later stage of the loading
period was significantly higher than that of the other specimens.

SIMPLIFIED ANALYTICAL MODEL AND
PREDICTION OF SHEAR CAPACITY

The transmission of lateral force across the masonry wall leads to
an uneven distribution of stress within that masonry wall. With
the increase of lateral force, the stress distribution is changed, and
the failure in masonry walls occurs when the bricks reach their
shear or compression strength. In this study, the confined

FIGURE 13 | Energy dissipation (A) single-cycle dissipated energy (B) cumulative dissipated energy.
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masonry walls with window openings are simplified and analyzed
through the equivalent diagonal strut concept. The effect of
masonry walls on the overall dynamic response of the
masonry structure is considered by replacing the masonry wall
with two diagonal struts served in compression. The maximum
shear strength of the confined masonry wall with window
opening is predicted based on the diagonal strut mechanism.

The total shear strength (Vmax) of the confined masonry walls
with window openings retrofitted with HFMRPC coating consists
of three components: the shear strength provided by masonry
wall (Vman), the shear strength provided by constructional
column (Vcon), and the shear strength contributed by
HFMRPC coating (Vcoa and V′coa). Thus, the final shear
capacity can be calculated by Equation (2):

Vmax � Vman + Vcoa + V′coa + Vcon (2)

Contribution of the Masonry Wall and
Constructional Columns to Shear Strength
Masonry structures are generally subjected to the combined effect
of the vertical pressure caused by gravity loads and the shear
forces caused by in-plane horizontal seismic action. Based on the
test phenomena, the crack development pattern is shown in
Figure 14. The shear resistance of the masonry wall is
provided by the interaction between the brick and mortar,

which includes the bond shear strength and friction. The
typical stepped shear crack is approximately simplified as a
single shear crack across the joint at the bottom. The vertical
component of the stepped crack is in tension, and its contribution
to the shear strength can thus be neglected. Referring to the code
for design of masonry structures (GB 50003-2011), the shear
bearing capacity of the confined masonry walls with window
opening can be calculated as follows:

Vman � Rman(Fmv + αmanμσman)Aman (3)
μ � 0.26 − 0.082σman/f (4)
μ � 0.23 − 0.065σman/f (5)

Where αman is the correction factor for different types of masonry
and a value for brick used in the test is taken as 0.64; μ is the
influence coefficient of shear-compression composite force, which
can be determined according to the value of the permanent load
partial factor γG; Eqs 4, 5 are used to calculate the value of μ when
γG is taken as 1.2 and 1.35, respectively; f and Fmv are the design
values of compressive strength and shear strength for bricks,
respectively; σman is the average compressive stress in the
horizontal section of the masonry wall; Aman is the horizontal
cross-sectional area of the masonry wall; Rman is the reduction
factor of the masonry structure.

In the case of the window opening in the masonry wall, the
overall shear strength of the masonry wall is directly reduced.
Meanwhile, the synergistic working performance between
different components in the wall is weakened, and the shear
strength is thus indirectly weakened. Therefore, it is necessary to
consider the reduction of the shear strength for the openings in
the masonry structure by using the strength reduction factor RD1
(Al-Chaar, 2002). With the horizontal displacement increased,
the elastic limit of the masonry wall is exceeded, and severe
damage occurs locally. Before the specimen is repaired, the
damage of mortar joints and bricks needs to be visually
inspected. The corresponding damage reduction factor RD2 is
used according to the damage condition to consider the effect on
the bearing capacity of the repaired specimen DRUW-7. It should
be noticed that the reduction factor only considers the reduction
in strength of the masonry wall caused by the opening, which
does not represent the possible stress distribution. Therefore, only
the reduction factor is recommended to assess the bearing
capacity of the overall structure. The reduction factors Rman

and RD1 should be calculated as follows:

TABLE 6 | Cumulative energy dissipation in each stage of the specimens.

Specimen Cumulative dissipated energy Improvement

Ey (kN·mm) Ep (kN·mm) Ef (kN·mm) Ey Ep Ef

URMW-1 863.1 4,200.1 5,362.9 — — —

SRMW-2 2,345.9 22,036.0 31,059.6 171.8% 424.7% 479.2%
DRMW-3 3,195.1 7,216.0 14,298.1 270.2% 71.8% 166.6%
DRMW-4 2,216.8 11,061.0 16,255.5 156.8% 163.4% 203.1%
SPRW-5 940.1 14,969.7 25,105.8 8.9% 256.4% 368.1%
DPRW-6 2,442.1 11,821.3 40,067.3 182.9% 181.5% 647.1%
DRUW-7 5,534.8 7,841.9 24,215.7 541.3% 86.7% 351.5%

FIGURE 14 | Crack pattern of specimens.
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RD1 � 0.6(Aoa

Apa
)

2

+ 1.6(Aoa

Apa
) + 1 (6)

Rman � RD1 × RD2 (7)
whereAoa is the area of the openings,Apa is the area of themasonry
wall. For the undamaged masonry walls, the damage reduction
factor RD2 is taken as 1. Based on Al-Chaar et al.’s research, the
height-to-thickness ratio of specimen DRUW-7 is less than 21, and
its masonry wall is subjected to moderate damage. Therefore, the
value of the damage reduction factor RD2 is taken as 0.7.

If the spacing between construction columns is less than 3 m,
the beneficial effect of the tie columns on the masonry structure
should be taken into account. The contribution of the
construction columns to the shear strength for masonry
structures can be calculated as follows:

Vcon � λcon(0.7ftbh + 1.25fyv
Asv

s
hcon) (8)

Where ft is the tensile strength of concrete cube; b and h are the
section length and width of the constructional column,
respectively; fyv is the tensile strength of stirrups; Asv and s are
the cross-sectional area and stirrup spacing, respectively; hcon is the
effective height of construction column in the calculation unit. In
addition, Yang JJ et al. found that the constructional columns are
commonly insufficient developed, the ultimate efficiency of the
construction column should be taken into account. When the
spacing between construction columns is less than 3m, the value of
reduction factor λcon for shear bearing capacity of the construction
columns is taken as 0.28 (Guo et al., 2019; Yang et al., 1998).

Contribution of HFMRPC Coating to Shear
Strength
The contribution of HFMRPC coating to the shear strength can be
calculated using the diagonal mechanism (Wang et al., 2021). For
specimens SRMW-2, DRMW-3, DRMW-4, and DRUW-7, the
HFMRPC coating can provide tensile strength to prevent diagonal
cracking. Hence, the tensile strength provided by the coating can
contribute to the shear strength of the masonry wall. For specimens
SPRW-5 andDPRW-6, theHFMRPC coating can provide the tensile
stress perpendicular to the cross-sectional direction to enhance the
shear strength of the specimens. In summary, the shear strength
contributed by the HFMRPC coating is calculated as follows:

Vcoa � αfcoaAc sin θ (9)
where α is the tensile stress distribution factor of HFMRPC coating,
and its value is taken as 0.7 for all the specimens; θ is the angle
between the direction of the main crack and the horizontal. Hence,
sinθ is the horizontal component of the tensile strength of the
coating; the value of θ for specimens SRMW-2, DRMW-3,DRMW-
4, and DRUW-7 are taken as 45°, and the value of θ for specimens
SPRW-5 and DPRW-6 are taken as 70°; fcoa and Ac are the tensile
strength of HFMRPC coating, and the cross-sectional area
developed along the cracking direction, respectively.

Furthermore, the HFMRPC coating can also provide
constraints for the construction columns (Wang et al., 2021).

The shear strength provided from this restraint force for the
masonry wall is calculated as follows:

V′coa � 0.5nfcoatcoah′coa (10)
Where n is the number of reinforced surfaces, tcoa is the thickness
of the HFMRPC coating, h′con is equal to the one-third height of
the construction column.

Validation of the Proposed Model
The shear bearing capacity of all specimens was calculated by the
equations mentioned above, and the tested and calculated results
are shown in Table 7. It can be seen that except for the specimen
DRMW-4 (its shear strength is underestimated by 20%), the
calculated results for the other specimens are generally in close
agreement with the test results. The underestimation is mainly due
to construction errors resulting in the thickness of the coating being
thicker than 15 mm. The average value, standard deviation, and
coefficient of variation of the ratio between the calculated and test
results for all the tested walls are 0.90, 0.06, and 6.59%, respectively.
Therefore, the simplified analytical model proposed in this study
can be used to calculate the shear strength for confined masonry
walls with window openings strengthened by HFMRPC coating.

CONCLUSION

In this study, seven confined masonry walls with window
openings were tested to investigate the effectiveness of the in-
plane strengthened or repaired technologies by using HFMRPC
coatings. The conclusions drawn from the experimental and
theoretical results are summarized as follows:

(1) A HFMRPC mixture was selected through material tests for
strengthening or repairing. In contrast to the other mixtures,
the selected mixtures four exhibited the lowest compressive
strength and the smallest fluidity. Meanwhile, the viscosity of
mixtures four allowed it to be plastered on the surface of
masonry walls by hand-trowel.

(2) The failure mode of unreinforced specimen URMW-1 was a
diagonal compression failure, while the failure modes of
other reinforced specimens were shear slip failure, except
for the failure modes of specimens SPRW-5 and DPRW-6,
which were mixed failure modes of shear failure in the
spandrels and flexural failure in the piers.

(3) Compared with the control specimen URMW-1, the cracking
load and peak load of the strengthened specimens were
increased, among which the double-sided full coverage
had the most significant effect on the increase of bearing
capacity. The cracking load of the strengthened specimens
was increased within the range of 49.6% (specimen SRMW-
2) to 582.9% (specimen DRMW-3), while the peak loads
increased from 63.5% (SPRW-5) to 172.1% (DRMW-3).

(4) The improvements of ductility coefficients were 16.6, 112.7,
and 70.1% for specimens SRMW-2, SPRW-5, and DPRW-6
compared with the control specimen URMW-1. The
reinforcement in piers increased the stiffness difference
between the piers and spandrels, which can significantly
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increase the ductility of the specimens SPRW-5 and DPRW-
6. However, the displacement ductility of the double-sided
full coverage specimens was decreased than that of the
URMW-1. The displacement ductility of specimens
DRMW-3 and DRMW-4 decreased by 25.5 and 4.1%,
respectively, which indicated that the peak displacement
was reduced and the failure displacement was advanced by
using the double-sided full coverage reinforcement method.
When the coating was thicker, the ductility coefficient was
reduced more significantly.

(5) The peak stiffnesses of the strengthened specimens were
increased due to the strong composite restraint effect between
the HFMRPC coating and specimen. The peak stiffnesses of the
strengthened specimens were increased, ranging from 57.9%
(SRMW-2) to 226.6% (DPRW-6) compared to the control
specimen URMW-1. The energy dissipation in all stages of
strengthened specimens was significantly increased compared
with theURMW-1. The energy dissipation at yield displacement
increased 156.8% (DRMW-4) to 270.2% (DRMW-3) except for
specimen SPRW-5 (8.9%). The peak displacement energy
dissipation and damage displacement energy dissipation can
be enhanced within the range of 71.8–424.7% and
166.6–647.1%, respectively.

(6) Compared with the control specimen URMW-1, the cracking
load, peak load, peak stiffness, and energy dissipation of the
repaired specimen DRUW-7 were increased by 620.0, 147.5,
302.9, and 351.5%, respectively. Although the ductility
coefficient was 12.4% lower than that of the URMW-1, it
was 17.5% higher than that of the specimens DRMW-3
strengthened by double-sided full coverage.

(7) A simplified model was proposed for the shear bearing
capacity of confined masonry walls with window openings
strengthened by HFMRPC coating.
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