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Abstract

Fabric-reinforced cementitious matrix (FRCM) composites, also known as textile-reinforced mortars (TRMs), represent
a new advancement in structural repair and reinforcement technology. Aiming to improve the energy efficiency and
seismic performance of existing buildings, this research focused on the development of an FRCM system in combina-
tion with phase change materials (PCMs) and extruded polystyrene sheets (XPS) to achieve adequate mechanical and
thermal properties for reinforced concrete (RC) and masonry structures. Accordingly, the in-plane behaviour of five
FRCM-strengthened RC frames with hollow-brick wall infill was tested under cyclic loading to investigate the improve-
ment in earthquake resistance. The system was comprehensively evaluated by calculating hysteresis curves; compar-
ing the lateral stiffness, ductility, and energy dissipation capacity; measuring the deformations of the specimens; and
analysing the failure modes mechanically. Finally, it was proved that this novel integrated approach could significantly
enhance the mechanical and seismic performance of masonry-infilled RC frames.

Keywords Seismic performance, In-plane behaviour, Fabric-reinforced cementitious matrix, Phase change materials,
Thermal insulation, RC frames, Masonry walls, Structural deformation, Failure mode analysis

1 Introduction
Fabric-reinforced cementitious matrix (FRCM) com-

retrofitting of existing reinforced concrete (RC) build-
ings. This system is generally known as textile-reinforced

posites comprising an inorganic matrix of fabrics
and cement-based mortar are extensively used in the
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mortar (TRM) and has been applied to various substrates
for the structural reinforcement of RC structures. The
enhanced components can also be referred to as tex-
tile-reinforced concrete (TRC) and TRC-strengthened
masonry.

Seismic retrofitting techniques for RC structures can
be generally classified into local and global methods.
Local methods focus on improving the performance
of specific structural components and characteristi-
cally involve strengthening column—beam connections,
sheathing of columns and beams, or strengthening using
advanced materials such as fibre-reinforced polymers
(FRP) and TRM, in addition to traditional RC jacketing.
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These methods are used for the rehabilitation of struc-
tures, as they may occasionally require the demolition
and reconstruction of the structural members, making
them expensive. Meanwhile, global methods focus on
the structural level, with all measures aimed at improv-
ing the overall behaviour of the structure. The most con-
ventional methods in this category include constructing
shear walls, using steel cross-bracing, isolating the base,
and strengthening infill masonry.

Among these techniques, strengthening the infill walls
may be the least invasive alternative. The most commonly
used techniques include sheathing with steel straps,
applying a thin layer of concrete to the bricks, attaching
pre-fabricated concrete panels to walls with dowels, and
gluing steel plates or FRP sheets to walls. An improved
extension of gluing can be considered as an application
of the TRM technique, as it overcomes the disadvantages
of similar methods, such as fire resistance, extra weight,
and durability, and enhances material bonding and com-
patibility (Abu Obaida et al., 2021; Alrshoudi, 2021;
Al-Salloum et al., 2011; 2009; Cerniauskas et al.,, 2020;
Papanicolaou et al., 2006, 2007; Raoof & Bournas, 2017a,
2017b; Raoof et al., 2017; Tetta et al., 2015). The technique
is based on combining textiles with mortar, which is then
applied to brick walls in layers. The textile comprises a
yarn-made grid of filament fibres, primarily glass, carbon,
aramid, basalt, and p-phenylene benzobisoxazole (PBO).

Currently, a large part of the ageing building stock
worldwide needs to be significantly modernised because
it has exceeded its service life and/or no longer meets the
current mandatory safety and energy standards. There-
fore, there is a need to develop technologies and pro-
cesses to retrofit this building stock in terms of safety
and energy, which is challenging. From the perspective
of sustainability, the focus should be on developing an
integrated structural and energy design methodology for
new buildings, which would be preferable over individual
measures.

However, for existing buildings, particularly those
that have reached a certain age, the problem of seismic
and energy inefficiency is paramount, and a similar con-
ceptual approach is required to achieve improvements
on both fronts. Recently, it has been shown that such
independent retrofit measures should be integrated to
enhance overall performance. Attempts to combine seis-
mic efficiency with the environmental benefits of miti-
gating damage and/or demolition caused by earthquakes
have been reported. Subsequently, a multidisciplinary
approach has been used to improve building perfor-
mance, with equal attention paid to seismic and energy
efficiencies. To this end, the latest development has pro-
posed a specific novel FRCM system that functions as
a single unit and has been used to strengthen masonry
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walls that were subsequently subjected to out-of-plane
cyclic loading under different building configurations
(Karlos et al., 2020; Papanicolaou et al., 2007; Triantafil-
lou et al., 2017).

Meanwhile, a local retrofit method involves using
FRCM composites on the diagonal bands to target rein-
forcement against diagonal extrusion, which can dam-
age the infill wall due to frame deformation. Therefore,
a total of nine single-storey, one-bay test frames were
subjected to quasi-static cyclic in-plane loading history
(Ismail et al., 2018). The results of the force—displace-
ment hysteresis curves showed that the RC frame filled
with masonry required a larger load than the bare frame
to deform to the same lateral displacement, while the
specimen reinforced with FRCM was able to displace
less under the same load. The hysteretic behaviour of the
whole wall reinforcement method was found to be better
than the local method. This also shows that FRCM retro-
fitting techniques can be tailored to specific needs, and
local and global methods offer different approaches to
improving the performance of the structure.

The modern method of masonry reinforcement has
benefited greatly from the application and development
of Engineered Cementitious Composite (ECC). This
cement-based composite material contains discontinu-
ous short polymeric fibres such as polyethylene (PE),
polyvinyl alcohol (PVA), and polyester fibres, which
exhibit strain-hardening behaviour and high ductility
based on its micromechanics (Singh & Munjal, 2020).
ECC is also referred to as ductile fibres reinforced com-
posite (DFRCC) due to its high ductile properties after
the first crack. Adding polymeric fibres into the mortar
of FRCM can improve the performance of retrofitting
masonry walls as well. By incorporating these fibres, the
FRCM overlay can be expected that a similar effect to
ECC can be achieved, resulting in enhanced ductility and
strain-hardening behaviour. This approach offers a prom-
ising solution for improving the seismic performance and
durability of masonry structures.

Overall, this research focused on the development
of a new FRCM system to achieve adequate physical,
mechanical, and thermal properties for reinforced con-
crete and masonry buildings. The previous studies on
material properties of FRCM has been completed. The
research on suitable PCMs for the FRCM system have
been carried out by the University of Cyprus (Illampas
et al,, 2021), which has determined the selection of PCM
materials for energy upgrading. Additionally, the author
(Wang et al., 2021) concluded that adding XPS plates for
thermal insulation performance also can further enhance
the stiffness of FRCM overlays by bonding function. The
in-plane performance tests are presented in this paper, in
order to provide valuable insights into the physical and



Wang Int J Concr Struct Mater 2023,17(1):31

mechanical properties of this novel FRCM system. And
the results can inform further development and refine-
ment of this innovative retrofitting method.

2 Test Setup

2.1 Specimen Design

The seismic behaviour of five specimens of hollow brick
masonry walls infilled with RC frames (strengthened
by FRCM) was investigated to determine their in-plane
behaviour. These specimens were composed of the same
materials used in previous studies by the author and were
tested at the Large Structures Laboratory of Cyprus Uni-
versity of Technology, as depicted in Fig. 1.

The RC frames were constructed in accordance with
the European code, using C30 cement. All rebars were
securely bound by fine iron wires. The base composed of
three parts, each of which was reinforced with encrypted
stirrups to ensure its rigidity and stability. Each column
had a cross-section of 400 mm X 200 mm and was rigidly
connected to its independent foundation. The middle
part of the foundation was fixed to the laboratory floor
using steel tendons, which served as a permanent base
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for all five tests. Subsequently, the other two tendons
were horizontally connected to the two column founda-
tions to achieve stability of the overall foundation, equiv-
alent to a size of 4000 x 1300 x 400 mm. This design saved
materials and replacement time, without compromising
the experiment. The rebars reserved on the top of the
columns were then bound to the beam and loading slab,
and they were poured to form a single-unit. This realised
rigid connection of the beam—column joints and allowed
for the transfer of load to the entire frame, using the slab
as the medium.

Afterwards, the two fixtures were lifted onto both sides
of the loading slab, and two tendons were passed through
them and the slab, and then connected to the corre-
sponding actuators. Each tendon that went through the
slab, fixtures, and the foundation was tightened with a
prestress of 350 kN. For these experiments, only the lab-
oratory floor and a reaction wall made of high-strength
concrete were used as supports. No additional reaction
frame was required due to the symmetrical design of the
specimen and the output of 930-mm-long steel fixtures
clamped on both sides of the loading slab.

Attachment fixtures composed of steel plates (thickness of 80mm) and stiffeners
(thickness of 50mm) for connecting the actuators’ heads and for the fastening of
2 pre-stressed anchors (@32) onto both sides of the loading slab

Slab (dimension of 36002000x300mm) with 11 rebars (@16)at the top
and bottom respectively as well astirrups (310) with spacings of 200mm

o] 0 |

Beam (cross section of 200<500mm)
with 4 rebars (@12) and stirrups (210)
with spacings of 200mm

Side mortar joints (thickness of 10mm)

Masonry (sze of 2800x2450mm) with 21 layers
of clay bricks dimensionsof 300x200x100mm)
bonded by bed joints (thickness of 15mm) and
head joints (thickness of 10mm)

2450

c "
(¢

with 4 rebars (216), and stirrups (210) with

spacings of 200mm

Steel plates (thickness of 40mm) and stiffeners
(thickness of 50mm)
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with 7 rebars (@16) at the up and down respectively and
stirrups (910) with spacings of 100mm
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(216) at the up and down respectively and stirrups (210) with spacings of
100mm, rigidly connected with the columns
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Fig. 1 Details of the test setup (all dimensions are in mm)
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The specimens were loaded simultaneously using two
hydraulic actuators to prevent horizontal twisting and
out-of-plane displacement. Meanwhile, the weight of
the slab, the tensile strength of the columns, and con-
nection stiffness of the joints acted as constraints in the
vertical direction. This design was intended to simulate a
real scenario, as no vertical reaction frame was added to
completely restrict the degrees of freedom in the vertical
direction.

The concrete covers of all RC components were
designed to be 25 mm thick, based on the distance from
the outermost side of the reinforcements to the edge
of the cross-section. After the completion of the RC
frame, each masonry infill wall was constructed using
300%200x100 mm hollow bricks on the 7th day. The
bricks were bonded with 20 mm-thick bed joints and
15-mm-thick head joints using staggered joint construc-
tion. Enhancement layers were then added, as shown in
Fig. 2.

The design of the five test specimens is as follows: Spec-
imen No. 1 consisted of only the hollow brick masonry
wall-infilled RC frame. Specimen No. 2 included a thin
mortar layer for bonding the XPS layer, as well as one
overlayer of FRCM applied to the outside for compari-
son with the control sample. Specimen No. 3 has two lay-
ers of FRCM composite added to the inside and outside
of the XPS layer. The inner layer of FRCM was directly
bonded to the wall, which was expected to provide bet-
ter reinforcement than Specimen No. 2. Specimen No.
4 included only one layer of FRCM mixed with PCMs

18.1

{«<— Fabirc

Weft yarn (Bundle)

Warp yarn (Cord)
Fig. 2 Details of the overlays (all dimensions are in mm)

Specimen No. 4
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into the mortar matrix, intended to replace the XPS
layer for thermal purposes. Finally, Specimen No. 5 was
similar to No. 3, but with the application of PCMs to the
outer FRCM layer to achieve better thermal insulation
efficiency.

The thermal insulation layer comprised 80-mm-thick
XPS plates, measuring 600 mm in height, with two dif-
ferent widths of 800 mm and 1600 mm, staggered from
bottom to top. Plastic masonry fasteners (PMF) were
used to secure each plate, spaced 400 mm apart along
the horizontal joints between each level. Additionally,
Tsirco thermostatic adhesive material was applied using
a notched trowel on both sides of the XPS plates for
bonding.

The FRCM layer was developed using SikaWrap-350
alkali-resistant (AR) styrene-butadiene rubber (SBR)-
coated glass fibre fabric, buried inside a 10-mm-thick
matrix made of Tsirco-Poly-122 cement-based fibre-
reinforced polymeric repair mortar (with/without 20%
PCM). The SBR coating provided excellent alkaline resist-
ance of the fibres and improved abrasion resistance and
heat-ageing properties. The SikaWrap®-350-G-Grid had
two orthogonal glass fibre bunches of unequal quantity
and spacing. The vertical bundles (weft yarns) weighed
145 g/m? spaced 14.2 mm apart and woven using hori-
zontal cords (warp yarns) with a weight of 135 g/m?
spaced 18.1 mm apart. This commercial mesh was sold in
rolls, and the width of each roll was 1000 mm. Thus, each
layer of FRCM was arranged horizontally by three tiers

Specimen No. 5
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of the mesh from the bottom to the top, and the overlap
between tiers was 17.5 mm.

The Tsirco-Poly-122 commercial mortar, which was
previously tested, was produced by Tsircon® Co., Ltd. In
addition to cement, fine aggregates (sand), and polymeric
admixtures, this mortar also contains a viscosity modi-
fying agent and short polypropylene fibres. Its durable
abrasion and excellent resistance to water, oil, and non-
aggressive chemicals improved the protection of internal
materials, which enhanced the durability of structures.
The most obvious advantages are that fast hardening
could be helpful for vertical wall construction, and the
strong permeability and high adhesion lead to improved
bond properties.

The microencapsulated paraffin Nextek-37D PCM
with very high-temperature stability, commercialised by
Microtek Laboratories® Inc., was in the form of a white
dry powder with a mean particle size of 15-30 um. It was
added to the matrix mortar at 20% by weight for Speci-
men No. 4 and the outer FRCM layer of Specimen No. 5.

All enhancement overlays were performed on the 9th
day after the completion of the frame. Except for Speci-
men No. 1, which was the control group, all the other
specimens were manufactured in 10 days. The installa-
tion of the measurement devices and experimental tests
were carried out the following day.
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2.2 Test Arrangement and Loading Procedures

Fig. 3 shows the details of the instrumentation in the
front view of the specimens. Two groups of crossed
drawn wires were fixed on the core area of the masonry
wall and on the frame to measure diagonal deforma-
tion. In addition, two sets of potentiometers connected
end-to-end using steel wires were installed vertically at
a distance of 100 mm from the outside of the columns
to measure elongation. Moreover, pieces of equipment
were used to measure the gap between the masonry
and the frame after debonding. Near the inner sides of
the two columns, two more groups of potentiometers
were installed horizontally between the columns and
the wall at heights of 300 mm and 2100 mm from the
foundation, respectively. Three additional groups of
linear variable differential transducers (LVDTs) were
installed at heights of 300 mm, 1200 mm, and 2100 mm
on the backside of each specimen. Seven horizontal
lines were marked within 300 mm with 50-mm gaps in
the middle of the junctions between the masonry wall
and columns.

The horizontal pulling force exerted by the actuators
to the left was considered the positive direction in this
test. All the specimens were loaded in the horizontal
direction at a constant speed of 0.4 mm/s until failure
using displacement control. The shift amounts were
designed to be 3, 10, 15, 25, 40, 55, 65, and 80 mm in
both the positive and negative directions, as shown in
Fig. 4.

Pull

Push

Actuators
Force+500kN
Tempo #125mm

Potentiometer 4
Range #25mm
Length 150mm

Potentiometer 2
Range *12.5mm
Length 1200mm

Draw wire 3
Range+50mm
Length 1365mm

Draw wire 4
Range+50mm
Length 1365mm

Potentiometer 3
Range #25mm
Length 150mm

Potentiometer 1
Range £25mm
Length 1200mm

Draw wire 1
Range+50mm

Draw wire 2
Range+50mm
<« Length 3745mm

o) |

Potentiometer 8

Length 150mm

Potentiometer 6
Range+12.5mm
Length 1200mm

2450

Potentiometer 7
Range+25mm
Length 150mm

Potentiometer 5
Range+25mm
Length 1200mm

PR

-

o
=3
B3

:

—
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Fig. 3 Details of the instrumentation (all dimensions are in mm)
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Fig. 4 Loading procedure

Finally, the whitewashed specimens were recorded
using a digital camera to observe the details of crack
development. A photograph of the test setup is shown
in Fig. 5.

3 Failure Mode Analysis

3.1 Observations of Damage

Three cameras were used to record the complete pro-
cess of each experiment. During the entire loading pro-
cess, neither the loading slabs nor the foundations were
significantly deformed, and all failures occurred in the
test areas. The stiffnesses of the beam and the founda-
tion were sufficiently large due to overall reinforcement
and pouring of the beam with the slab, the deformation
of all frames was primarily realised by the bending and
stretching of the column, and the beam—column joints
were oblique shear failures at the end.

In the test of Specimen No. 1, which was not reinforced
by FRCM, many fine horizontal cracks distributed over
the full height of the sides of the columns were observed.
The remaining specimens exhibited tensile and bending
failures of the FRCM sheathing overlays at the tops of
the columns to varying degrees. Debonding between the
enhancement layers and RC frames also partly occurred
from the front surfaces to the side surfaces of all the col-
umns. At the beam—column joints, the FRCM layers were
also sheared obliquely with the frames, and Specimens
No. 3 and No. 5 exhibited fibre rupture of the fabric and
fragmentation of the matrix.

The failure of the infill walls represented different
forms. All specimens suffered brick crushing at the cor-
ners at different levels. Among them, the control group
was the most serious, and the level of damage decreased
as the FRCM layers increased. However, the develop-
ment of cracks was the opposite. The less crushed the
wall, the more uniform the shear stress distribution,
and the cracks were fine, but the distribution range was
much wider. Because hollow bricks were used in this
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experiment, many partially crushed bricks were exposed
on the on the wall surfaces. Meanwhile, some completely
crushed bricks would also have some fragments remain-
ing on the wall, but they would have lost almost all the
bearing capacity.

The complete details of each specimen test area after
testing were obtained from the videos. The images were
processed with increased sharpening, higher contrast,
and lower colour saturation so that the cracks appeared
clearly. Photographs and corresponding drawings are
shown in Fig. 6.

This experimental study revealed varying degrees of
shear sliding failure, shear diagonal failure, and corner
crushing failure of the masonry as specified. However,
none of these specimens was destroyed by a single mode.
To further study the causes of different failure types, it is
necessary to combine the deformation of the specimens
and the specific mechanical mechanism to conduct fail-
ure mode analysis.

3.2 Diagonal Extrusion of Masonry-Infilled RC Frame
Masonry infill walls commonly fail due to brick crush-
ing in the corners and step-type cracks between the
bricks and mortar joints, which are typical baroclinic
failures caused by diagonal extrusion of the RC frames
and the insufficient compressive and shear strengths of
the masonry. To investigate this factor, Fig. 7 compares
the changes enhanced by different FRCM layers using
measured data from two groups of draw wires set on
all specimens. It should be noted that some test failures
occurred during the tests, which were corrected to pre-
sent the original image. For example, draw wires were
hit by broken bricks, causing many huge fluctuations
lasting 0.2—0.6 s. These invalid data were precisely elimi-
nated, and parts of the data exceeding the test range or
dislocations due to the draw wires being pressed by bro-
ken bricks were reset by adding fixed correction values.
Therefore, the original data of this figure were preserved
to the greatest extent, but there may be a correction error
of no more than 1 mm near the peak of the latter half
of the tests. The corresponding data of draw wires were
assigned different colours for clarity.

In the line charts, it can be observed that the diagonal
deformation displacements of the central masonry and
peripheral RC frame are not directly proportional to the
measured distances, indicating only a positive correla-
tion. The data tested from the same group of draw wires
show substantial symmetry on the horizontal axis.

The diagonal deformations of the walls located in
the central regions of Specimen No. 1 and No. 2 were
extremely small. The data of the crossed draw wires
were axisymmetric to each other in the first five cycles.
However, the subsequent positive correlation occurred
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Fig. 5 Photo of the test setup (Specimen No. 5)

because of the horizontal cracks that developed at the
middle height of the walls. The same displacements
were the gaps caused by cracks. However, the masonry
of Specimen No. 4 did not exhibit horizontal cracks
after being crushed diagonally, so the diagonal displace-
ments of the central region consistently approached
zero. Specimens No. 3 and No. 5, which were strength-
ened by double-layer FRCM, were different. The diagonal
displacements of the central masonry were large, which
did not indicate that the stiffness of the walls was low.
Instead, this was because the walls protected by two lay-
ers of FRCM were not severely crushed, indicating that
the synergy between the infill walls and the RC frames
was maintained well. This discovery proves that using the
global method of reinforcement by the FRCM system can
effectively enhance the overall stiffness of the masonry-
infilled RC frame and prevent premature failure of the
brick wall.

The diagonal displacements of the RC frames changed
with cyclic loading. The data of crossed draw wires were
negatively correlated with each other. However, the sum
of values of two draw wires in the same group increased
due to the tensile deformation of the columns during the
later stage of loading. This increase was also observed in
elongation measurements of the columns.

3.3 Deformation of RC Frame

In this study, hydraulic actuators were used to apply
displacements to the masonry-infilled RC frame. The
horizontal loads were then transmitted to the beam and
beam—column joints through the loading slab. The bot-
tom base provided support through its high rigidity and
the connection between the foundations and the floor.

Page 7 of 19

Because the beam was cast integrally with the loading
slab, its stiffness was sufficiently high to resist the hori-
zontal shear force, resulting in a lateral displacement with
a twist of the entire frame, as well as bending deforma-
tion occurring at both ends of the columns. Furthermore,
the masonry infill wall acted as a diagonal strut to prevent
the deformation of the frame. Therefore, the tension side
of the frame was slightly upturned due to the absence of a
vertical reaction frame. Two sets of potentiometers near
the outsides of both columns were used to measure the
changes in the length of the columns as they underwent
tensile and flexural deformations, as shown in Fig. 8. The
potentiometer at the bottom of the right column of Spec-
imen No. 5 had some measurement faults, and its data
image was fixed and corrected by adding 0.6 mm upward.

The graphs illustrate that the top and bottom length
changes in each column are almost equal at the begin-
ning. The upper parts change less than the lower parts
of both columns and exhibit positive correlations con-
sistently. In other words, the upper parts of the columns
are always in tension when the horizontal displacement
load is received, and continue moving with the drifted
beam. Instead, stretches of the lower parts of the col-
umns on both sides were negatively correlated. When
the specimen rotates, the bottom of one column bends
by compression, while the bottom of the other column
bends by tension. However, all the tested plotlines were
essentially above the horizontal axis due to the high com-
pressive strength and stiffness of concrete. Moreover,
the peak stretch values in the lower parts of the columns
decreased with an increase in the number of reinforced
FRCM layers. This is because columns are equivalent to
three-sided textile-reinforced concrete members before
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Specimen No. 1

Specimen No. 2

Specimen No. 3

Hollow brick
with 8 big holes
and 3 small holes

Crack extension

I:] Undamaged wall section

B rartially crushed wall section

- Completely crushed wall section

None FRCM Specimen No. 1

One layer of FRCM Specimen No. 2

Specimen No. 4

Two layers of FRCM Specimen No. 3

Specimen No. 5

Specimen No. 4

Fig. 6 Failure details of all specimens

the bond failure between the FRCM overlays and the
RC frame occurs, reducing the failures by shear and
bending. These results indirectly prove that the strength
and stiffness in compression, tension, shear, and bend-
ing of FRCM-strengthened concrete are enhanced, and
the FRCM composite can also effectively enhance both
the shear strength and ductility of seismically deficient

Specimen No. 5

beam—column joints. This is consistent with the TRC
research conclusions of (Al-Salloum et al., 2011; Bournas
et al.,, 2009; Colajanni et al., 2014; Faleschini et al., 2019;
Ngo et al., 2020; Shi-ping et al., 2020; Toska et al., 2021;
Tomasz Trapko, 2014; T. Trapko & Musial, 2020; Yan
et al.,, 2021; Yin et al., 2017).
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Specimen No. 1
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Fig. 7 Measured changing of diagonal distances

3.4 Dislocations and Gaps Between Masonry and RC
Frame

The combined effects of load and deformation caused

bond failure between the masonry and RC frame inter-

faces, resulting in gaps and dislocations.

Notably, Specimen No. 2 experienced severe horizontal
shear failure at the bottom of the masonry, causing the
infill wall slipped horizontally and sink approximately
50 mm after testing. Furthermore, owing to the diago-
nal crushing failure of the infill wall that occurred in
Specimen No. 4, the overall shape of the infill wall was
approximately obliquely pressed into a circle, and the
masonry rotated counter-clockwise or clockwise with
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the deformation of the RC frame. Before the masonry
suffered from severe crushing failure, the dislocations in
the vertical direction between the wall and the columns
increased with the loading displacement but decreased
with addition of FRCM layers, as observed from the
marker lines on the left and right sides of each speci-
men. Meanwhile, the tested displacements of the upper
and lower groups of potentiometers as solid lines, as well
as the upper, middle, and lower groups of LVDTs (dot-
ted lines), are shown in Fig. 9, which illustrates the gaps
between the masonry and both sides of the columns.
First, additional LVDTs were added to the side of
each base, and their displacements were found to be
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Fig. 8 Measured changes in the length of columns

substantially near the horizontal axis throughout the
entire loading process, demonstrating that the overall
stability of the prestress-clamped three-part base was
sufficient. Second, a negative correlation was observed
between the measured displacements of the left and right
symmetrical instruments, indicating that when one side
between the masonry and column forms an open gap,
the other side is squeezed closed. Third, the polylines of
the instruments at the same position are coloured the
same, but the measured displacements of the LVDTs at
the backside of each specimen were slightly smaller than
the data of the potentiometers in the front view. This is
primarily because the potentiometer can be rotated,
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allowing the measured data can be used to estimate the
vertical displacement component, whereas the LVDT
can only measure unidirectional displacement. The plat-
forms appear in the data at the later stage of the test due
to being beyond the testable range of the potentiometers.

However, except for the data of Specimen No. 3, only
the first 800 s of data for other specimens are shown in
the figure because some instruments fell off in the subse-
quent process owing to the corner crushing failure of the
wall, resulting in irregular data, particularly for Specimen
No. 1.
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Fig. 9 Measured changes of gaps between masonry and columns

3.5 Mechanical Mechanism of Failure Modes

Diagonal compression tests have been commonly used
to study the in-plane behaviour of different types of walls
strengthened by the FRCM system. This method is the
most direct and easy way to test the improvement in the
shear strength and stiffness of the masonry by FRP or
FRCM enhancement. However, experimental research
on full-scale masonry-infilled RC frames is still neces-
sary. This is because the failure modes of walls are not
only limited to diagonal compression, as observed in this
research and other experimental studies (Akhoundi et al.,
2018; Ismail et al., 2018; Morandi et al., 2018; Ricci et al.,
2018; Sagar et al., 2019). Therefore, it is theoretically
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flawed to study the infilled masonry of RC frames solely
through diagonal compression tests on wallettes.

Based on the analysis of the above test results, it was
determined that the masonry infill wall in the RC frame,
under the effect of horizontal loading, underwent diag-
onal compression during the initial loading process.
As the lateral displacement of the frame increased, the
deformation of the concrete member also increased.
This was primarily manifested in the tension bend-
ing and compression bending at the upper and lower
ends of the columns in this experiment. Since the loca-
tion and degree of deformation are influenced by the
strength and stiffness of the reinforced concrete frame,
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the load state and failure mode of the infill masonry
also changed accordingly. The mechanical mechanism
of this function is presented in Fig. 10.

During the entire test process, the beam did not
deform significantly since it was cast integrally with the
loading slab. To simplify the illustration, it is assumed
that the stiffness of both the beam and the base is infi-
nite, as both yield and failure occur in the columns.
This is typically referred to as the detrimental type of
strong beam and weak column in RC structural design.

At the initial loading stage, when the loading slab is
displaced in the left direction, the lateral displacement
of the masonry-infilled RC frame is small, and the ideal
load state of the infill wall is similar to diagonal com-
pression, as shown in the first drawing. In this process,
the concrete components do not deform significantly,
and their stiffness is not reduced, causing the frame to
tend towards a parallelogram. The bottom of the beam
creates a small uniform pressure (Fc) above the infill
wall, and the support force (FN) from the base to the
bottom of the wall is equal to (Fc) and the gravity (G) of
the wall.

The horizontal shear force on the frame also causes the
columns to squeeze against the wall, and the extrusion
forces (Fs) of the infill wall are distributed on the inter-
faces of both sides. The maxima of the two forces at the
lower-left corner and upper-right corner also provide a
moment (Me) of a couple to the wall, resulting in a coun-
ter-clockwise rotation. At the same time, shear bond fail-
ure occurs in the masonry-frame interfaces, particularly
between the underside of the beam and the top of the
infill wall. The shear stress track experienced by the wall
is diagonal, resulting in shear failure of the mortar joints

and shear bond failure of the interfaces between the mor-
tar and bricks, depending on which shear strength is
smaller. The cracks extend in step-type pattern through
the diagonals to the centre of the infill wall until docking.
The bricks at the corners may be crushed if their com-
pressive or shear strengths are insufficient, and Specimen
No. 1 is most damaged in this stage.

However, with an increase in horizontal displacement,
two types of RC frame deformations occur, as depicted in
the second drawing. In the first type, due to the absence
of a vertical reaction frame, the lower-left corner of the
infill wall acts as the fulcrum of the diagonal brace, which
lifts the upper-right corner of the frame. The entire frame
inclines, leads to the deflection pressure from the beam
bottom to the wall top, further exacerbating the crush-
ing of the masonry corners. Ultimately, the masonry wall
without four crushed corners rotates in-plane within the
RC frame, as seen in Specimen No. 4.

In the second type, flexural yielding creates two bend-
ing points equivalent to plastic hinges at both ends of
the columns owing to. As the degree of yield increased,
the bending points moved from both ends of the col-
umns. The convex points where the columns bend into
the frame cause stress concentration and migration of
the shear strain track of the wall. This is the primary
reason why the wall cracks that occur later are not
diagonal but at the middle height of the wall, as in the
failure mode of Specimen No. 2 in this study.

Finally, FRCM-strengthening can improve the stift-
ness and ductility of concrete members, as mentioned
before. The third drawing expresses the modification
deformation of different stiff RC frames with the same
amount of side shift. The increased stiffness results in
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a smaller elongation of the columns and a more negli-
gible deflection of the frame. Thus, the bending angle
of each concrete member is reduced, and the pressure
on the wall top becomes more uniform. Meanwhile, the
stiffness ratio of the beam to column and the ratio of
the connection stiffness of the beam—column joints to
the bending stiffness of the columns are reduced. As
a result, the position of the column bend to decrease,
thereby making the maximum squeeze force (Fs max)
created by the columns to the wall closer to the ends
of the columns, and the inner sides of the columns
become straighter.

Because the horizontal shear strain of the mortar joint
originates from the relative displacement of the upper
and lower bricks, the interlaminar shear force generated
by the straighter column on the wall is more evenly dis-
tributed, effectively avoiding the stress concentration
effect. Although cracks appeared in the mortar joints of
almost all layers, the damage to the masonry is not con-
centrated. Therefore, the failure modes of Specimen Nos.
3 and 5 were caused by the above reasons.

Overall, the principle of the global upgrading method
of the FRCM system to improve the in-plane perfor-
mance of a masonry-infilled RC frame was verified.

4 Seismic Performance Evaluation

4.1 In-Plane Load-Displacement Response

Generally, the seismic performance of a structure is eval-
uated by the lateral stiffness, ductility, and the energy dis-
sipation capacity, as mentioned by Su et al., 2017). The
load—displacement responses of all specimens, which
were measured using two actuators, are presented as
hysteresis curves in Fig. 11. The data of different loading
cycles are in varying colours, ranging from cool to warm.

The hysteresis curves reveal that there are many fluc-
tuations in the data between the second and sixth cycles,
which are attributed to the destruction of the infill walls
and the steps of shear bond failure between the infilled
frames and FRCM overlayers. Although the bearing
capacity of Specimen No. 5 was not as strong as that of
Specimen No. 3 in the early and late stages, it endured
an additional half-loop, and their data graphs were simi-
lar. However, Specimen No. 2, which was also reinforced
with one layer of FRCM, performed better than Speci-
men No. 4 due to the use of XPS, which enhances the
tensile strength and overall stiffness of the entire overlay
through the chemical bonding of the mortar and inter-
locking of the PMFs.

Overall, the FRCM system demonstrated an impres-
sive enhancement of in-plane performance for masonry-
infilled RC frame retrofitting. The load required to
achieve the same displacement increased with the num-
ber of strengthened FRCM layers in the specimens, and

Page 13 of 19

they are able to withstand more loading cycles before
failure.

4.2 Lateral Secant Stiffness

Stiffness is a crucial index for evaluating the ability of
RC structures to resist deformation, and a global elastic
analysis of RC elements is effectively performed using it.
Since this research was conducted at a constant speed
using a displacement-controlled strategy, the peak load of
each cycle was essentially at the maximum displacement.
Therefore, the average stiffness (K;) was used to compare
the FRCM layers calculated using the positive or negative
values of the maximum horizontal displacement (4, ,,,.)
and the corresponding lateral force (V; ,,,.). The data and
results are presented in Table 1 and Fig. 12.

It can be observed from the changes in the line graphs
that the FRCM significantly enhanced the stiffness of the
specimens during the initial stages. The improvement by
the FRCM is related to the number of layers and strength
of the matrix, which are positively correlated because the
strength of the mortar after adding 20% PCM is slightly
lower than that of the original mortar matrix. These find-
ings also verify the previous conclusions of (Wang et al.,
2021), which showed that adding additional layers of fab-
ric and increasing the strength of the mortar can enhance
the overall stiffness of the matrix to strengthen the sub-
strate, achieved through the matrix-to-substrate bond
mechanisms between the overlays and the infilled frames.

However, due to the destruction of the wall, debonding
of the overlay, and rupturing of the fibre, the overall stiff-
ness is significantly reduced in the first two cycles and is
almost identical to that of the control group in the later
period.

4.3 Lateral Displacement Ductility

Ductility is an essential property of RC structures that
measures their ability to deform without significant
reduction in their resistance strength. In the conducted
tests, no apparent yielding under uniform loading was
observed, and the hysteresis curves showed plateaus
whenever the drift was near the maximum displace-
ment. The ductility of each half-cycle was calculated by
the ratio () of the maximum displacement (4; ,,,.) to the
corresponding displacement (4,) at 0.85 times the maxi-
mum lateral force, as depicted in Fig. 13.

Although the ductility values for the tested specimens
were irregular, the specimens reinforced with FRCM
demonstrated significantly higher ductility compared to
the control group in the first two cycles of loading. Addi-
tionally, the peak values of Specimens No. 3 and No. 5 in
the fourth half-cycle were greater than those of the other
specimens. These results suggest that the ductility of the
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Fig. 11 Hysteresis curves of all specimens

infilled frames is improved before shear bond failure
occurs in the FRCM overlays, which is consistent with
the diagonal distance measurements.

4.4 Energy Dissipation Capacity

The energy dissipation capacity of RC structures is a
measure of their ability to absorb earthquake energy
caused by ground vibrations and is represented by the
area enclosed by the hysteretic curve. The dissipated hys-
teretic energy (E;) of each half-cycle was calculated using
the integral method in the mathematical calculation soft-
ware, OriginPro® The corresponding coefficients are
listed in Table 2. The total energy dissipated (E,) is shown
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in Fig. 14. The equivalent viscous damping coefficient
(v,,) was calculated using the following equation:

E;
= )
2w X Ai, max X Vi, max

Veq (1)
where v, is the equivalent viscous damping coefficient,
E, is the dissipated hysteretic energy, A, max is the maxi-
mum displacement, V; ... is the maximum shear force.
Except for Specimen No. 4, the total dissipated energy
and equivalent coefficients of the in-plane behaviour
significantly improved as the number of FRCM layers

increased, particularly in the later cycles.
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5 Conclusions

To summarize, five specimens were subjected to in-plane
cyclic loading. The effectiveness of the FRCM system in
enhancing masonry-infilled RC frames (in the order of
Specimens No. 2 to No. 5) was demonstrated through
failure mode analysis and seismic performance evalua-
tion, as presented in Fig. 15. The following conclusions
can effectively guide further research:

1. Applying an equivalent uniform load using two actu-
ators through the loading slab can prevent horizontal
torsion of the specimen. Deformation of the speci-
men can be made more realistic by not locking the
longitudinal degrees of freedom.

Table 2 Summary of dissipated hysteretic energies and equivalent viscous damping coefficients

No. of half- Specimen No. 1 Specimen No. 2 Specimen No. 3 Specimen No. 4 Specimen No. 5
cycles E; (KJ) Veq E; (KJ) Veq E; (KJ) Veq E; (KJ) Veq E; (KJ) Veq

1 0.060 0.026 0.241 0.059 0.218 0.042 0.228 0.067 0.174 0.038
2 0.089 0.056 0.249 0.056 0.230 0.039 0.224 0.054 0.240 0.047
3 1.058 0.051 1.510 0.084 1.666 0.067 1.355 0.078 1.710 0.079
4 0.962 0.052 1429 0.070 1.857 0.083 1325 0.071 1.847 0.085
5 2179 0.082 1.883 0.070 2675 0.092 1.703 0.071 2435 0.081
6 1.811 0.061 2.186 0.090 2244 0.067 1.689 0.056 2339 0.076
7 3338 0.098 3611 0.099 4.166 0.080 2.846 0.089 4.388 0.090
8 3.332 0.088 3.031 0.089 4.120 0.081 3.388 0.089 4.123 0.084
9 4175 0.075 4.790 0.093 6.293 0.091 3467 0.072 7.084 0.094
10 3486 0.077 4.268 0.080 5390 0.073 3931 0.069 5.856 0.080
1 4.783 0.064 5.724 0.089 5.962 0.079 4.721 0.074 8278 0.097
12 5322 0.095 5.667 0.083 6.468 0.078 4813 0.090 7.168 0.075
13 - - 6.078 0.091 5.685 0.073 - - 6.527 0.089
14 - - 5413 0.080 6.098 0.079 - - 7429 0.077
15 - - 6.878 0.095 7.643 0.077 - - 6.866 0.106
16 - - - - - - - 8.599 0.105
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Fig. 15 Research conclusions of failure mode analysis and seismic performance evaluation

2. The prestress-clamped three-part base can save
materials and replacement time without affecting
experimental results.

3. The bond strength between the FRCM overlay
and the wall-infilled frame is directly related to the
strength of cement-based mortar, which determines
the overall retrofitting effect and seismic perfor-
mance improvement. This conclusion, combined
with previous studies on material properties, is sig-
nificant for further research.

The addition of the FRCM system significantly

improves the overall stiffness of the infilled frame, par-

ticularly in the first and second cycles of loading. It can
also prevent premature failure of the masonry wall.

5. Adding two layers of FRCM further enhances the
performance of masonry-infilled frame, enabling it
to withstand higher cyclic loading before complete
failure. It can improve lateral stiffness, ductility, and
energy dissipation capacity, as well as reduce the
deformation of the RC frame that changes the load
state of the infill masonry.

6. PMFs added to the insulation layer of XPS are equiv-
alent to shear connectors, significantly improving the
mechanical interlocking between the FRCM layer
and the wall in the early stage of loading, thereby
improving the overall stiffness of the frame wall
However, drilling holes in the wall may accelerate
crack propagation, and the residual stage may not
be significantly affected until the wall is damaged to
a large extent and overall fracturing. Therefore, shear
connectors should be added carefully and only be
sufficient to embed the insulation layer.

7. Placing the FRCM layer on the inner side of the over-
lay and direct bonding to the wall has a stronger rein-

forcing effect than placing the FRCM layer on the
outer side of the insulation layer, especially for speci-
mens with only one layer of FRCM. Adding two lay-
ers of FRCM, one on each side of the reinforcement
layer, can serve as a shell to protect the insulation
layer, effectively improving the seismic performance
and durability of the structure and enabling higher
energy efficiency in buildings. This is the ideal retro-
fitting method used in the current research.

The study elucidated, for the first time, the reinforc-
ing effect of the FRCM system on a masonry-infilled RC
frame as well as the mechanical mechanism of each fail-
ure mode caused by the change in the load state of the
masonry infill wall due to RC frame deformation. The
bending position of the RC frame dynamically changes as
the amount of side shift increases, and the changing law
and scope of this phenomenon are related to the propor-
tional relationship of stiffness of the concrete elements.
This finding has new inspiration for material mechan-
ics and structural analysis. However, a more accurate
stress state cannot be clarified, particularly for the shear
transfer on complex interfaces, which needs to be real-
ised by finite element simulation in future research. The
method of strengthening the FRCM overlays by mechani-
cal anchors assembly by bolt, nut, and washer on the RC
frame, exemplified by Sagar et al.,, (2019), is also worth
studying. In addition, only structural analysis was per-
formed in this study.
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