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Abstract 

Fabric reinforced cementitious matrix (FRCM) composites, also known as textile reinforced mortars (TRM), an inor-
ganic matrix constituting fibre fabrics and cement-based mortar, are becoming a widely used composite material in 
Europe for upgrading the seismic resistance of existing reinforced concrete (RC) frame buildings. One way of provid-
ing seismic resistance upgrading is through the application of the proposed FRCM system on existing masonry infill 
walls to increase their stiffness and integrity. To examine the effectiveness of this application, the bond characteristics 
achieved between (a) the matrix and the masonry substrate and (b) the fabric and the matrix need to be determined. 
A series of experiments including 23 material performance tests, 15 direct tensile tests of dry fabric and composites, 
and 30 shear bond tests between the matrix and brick masonry, were carried out to investigate the fabric-to-matrix 
and matrix-to-substrate bond behaviour. In addition, different arrangements of extruded polystyrene (XPS) plates 
were applied to the FRCM to test the shear bond capacity of this insulation system when used on a large-scale wall.

Keywords: cementitious composite materials, fabric reinforced cementitious matrix, fibre fabric, textile reinforced 
mortars, seismic resistance upgrading, bond behaviour, retrofitting masonry walls
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1 Introduction
Fabric reinforced cementitious matrix (FRCM) (AC434 
I, 2013; ACI Committee 549, 2013) composites compris-
ing an inorganic matrix of fibre fabrics and cement-based 
mortar are widely used in the retrofitting of existing 
reinforced concrete (RC) buildings. This system is gener-
ally known as textile reinforced mortar (TRM), and it is 
applied on different substrates for structural reinforce-
ment. Moreover, the principle of FRCM composites is to 

employ a mineral-based material as the bonding agent to 
embed the fibre material—thus it has also been consid-
ered as a type of mineral-based composite (MBC) mate-
rial (Blanksvärd et al., 2009; Orosz et al., 2010).

Owing to its exceptional compatibility with substrates, 
its reversibility, vapour permeability, good resistance to 
high temperatures, and durability against detrimental 
agents (Caggegi, Lanoye, et  al., 2017), several research-
ers have proposed the use of the FRCM system as a 
substitute for fibre-reinforced polymers (FRPs) when 
retrofitting existing RC frames, providing a lighter struc-
tural frame upgrade. In recent years, a new system that 
combines the FRCM with traditional thermal insulation 
for retrofitting existing masonry walls in RC frames has 
been fabricated (Triantafillou et al., 2017, 2018). In-plane 
loading tests and fire-resistant tests have already verified 
the feasibility of TRMs plus XPS overlays to simultane-
ously provide both structural and energy upgradation of 
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masonry walls. However, by treating the material proper-
ties of the matrix as variables, various levels of structural 
upgrading can be achieved. This outcome depends on the 
properties of the material itself, as well as on the bond 
between each element/layer (mortar–textile and mor-
tar–masonry). Consideration of the bond between each 
layer extends to the insulating material, which makes the 
shear bond behaviour even more complicated. Therefore, 
the selection of the appropriate materials and the corre-
sponding bond mechanisms within layers forms the basis 
of further research herein, which will help in building 
new retrofitting system for masonry walls.

During the last decade, research on the topic of FRCM 
composites focused on the improvement of the material 
properties and the application processes. As the primary 
load-bearing element for tensile force, fabrics have been 
refined to provide the required levels of tensile strength 
and elasticity. It has been concluded that the tensile per-
formance of the textile depends on the tensile strength 
of the fibres and the amount and density of the threads 
(Butler et al., 2010; Scheffler et al., 2009a, b). Therefore, 
if enough threads are stressed in the direction of tension, 
sufficient load-bearing requirements can be provided 
without being restricted by the types of fibres. In addi-
tion, since the cords do not function in the force direc-
tion, they are not stressed when the main bundles are 
not dislocated, and the fibre count and density can be 
reduced for material saving. Unidirectional and quadri-
axial meshes are not desirable because they cause mate-
rial wastage, and their bearing capacity is not significantly 
improved (Caggegi, Lanoye, et  al., 2017). Moreover, 
reducing the mesh size leads to a reduction in mechani-
cal interlocking, which is not favourable to the bond 
behaviour. Furthermore, knitted and bonded cords, usu-
ally used as open constructions or meshes, cannot effec-
tively transfer the shear of the cutting matrix to the main 
bundle. Therefore, woven grids can achieve better bonds 
and effectively reduce the slip of fabric in the matrix. 
Lastly, the long-term durability of the textile can be jeop-
ardised by the corrosion of the alkaline mortar because 
the fibre is easily alkaline-corroded when it is immersed 
in the unhardened mortar or is in a humid environment. 
In order to improve durability, in addition to the use of 
alkali-resistant glass (ARG) fibres, other types of fab-
rics can also be utilised by sizing or coating with (nano-
dispersed) polymers such as epoxy resin (Scheffler et al., 
2009; Signorini et al., 2018). This not only improves the 
durability and stability of the fabric, but also allows for 
easier handling and installation. By changing the proper-
ties of the surface, it is also possible to enhance the chem-
ical bond and friction, thereby reducing fabric sliding 
within the matrix.

As one of the essential components of the FRCM 
system, the mortar of the cementitious matrix pro-
vides the bonding effect between the substrate and the 
outer thermal insulation materials, and improves the 
co-operative working mechanism with the fabric. First, 
the bond strength between the substrate and the rein-
forced mortar benefits from the chemical bond, which 
depends on the tensile strength of the mortar, which 
itself depends on the particle diameter of the aggregate. 
Therefore, filling the cement and aggregate pores with 
admixture, which can reduce its porosity and make the 
interior of the cement mortar more compact, estab-
lishing a tighter chemical bond, is usually considered. 
Second, the addition of a polymer to the cement mor-
tar improves workability, increases flexural and com-
pressive strengths, and decreases water absorption, 
carbonation, and chloride ion penetration (Aggarwal 
et  al., 2007). In addition, the appropriate addition of 
fibres can further improve the mechanical properties 
such as tensile and flexural strengths, and even enhance 
the ductility and resistance to shrinkage of the mortar 
(Krishnamurthy et  al., 2017). Finally, strong perme-
ability and fast hardening of the mortar is also needed 
for construction on vertical walls. Using a spray gun 
can directly transfer the mortar to the wall to meet the 
needs of rapid construction and repair damaged wall 
surfaces as well.

To achieve an effective combination of materials in the 
FRCM system, a multitude of experimental investigations 
has been carried out by more than 20 research teams in 
different European countries. Different types of fabrics 
embedded in various based mortars have been studied 
using direct tensile and shear bond tests. The results from 
these research studies have been categorised and organ-
ised into a more systematic set of test methods (Arboleda 
et al., 2016; De Felice et al., 2018; De Santis, Ceroni, et al., 
2017; D3039/D3039M-17 2017). In most current stud-
ies, it is worth mentioning that rectangular prism speci-
mens and dumbbell specimens have completely different 
results in the direct tensile test owing to their different 
shapes and gripping methods (D’Antino and Papani-
colaou, 2018). In the shear bond tests on masonry sub-
strates, the stress distribution was discontinuous owing 
to the anisotropy of the bricks and the interlocking effect 
provided by the mortar joints (De Felice et  al., 2016). 
Insufficient embedded length of the fabric may change 
the failure modes of the test specimens, thereby deter-
mining a smaller bond strength result (Dalalbashi et al., 
2018) and different failure mechanisms. The above influ-
encing factors are considered in the current experimental 
research described herein. At the same time, the FRCM 
system has also received the research interest of Chinese 
scholars. Bond–slip behaviour of basalt textile meshes in 
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ultra-high ductility cementitious composites has been 
investigated by pull-out tests (Jiang et  al., 2019). And it 
also showed that FRCM would have a good application 
prospect in China.

Overall, current state-of-the-art sorted out lessons 
from reviewing the latest research results (De Felice 
et  al., 2020), it is time to integrate innovative materi-
als and determine techniques to propose a holistic and 
novel methodology for simultaneous upgrading of both 
the seismic resistance and the energy efficiency of exist-
ing buildings, taking economic, technical, geo-location, 
durability, and environmental factors into account. 
Therefore, the study of the tensile and shear bond behav-
iours of FRCM composites for retrofitting masonry walls, 
particularly with thermal insulation layers added to 
the extensor of buildings, has become essential. To this 
end, a series of experiments including 23 material per-
formance tests, 15 direct tensile tests on dry fabric and 
composites, and 30 shear bond tests between the matrix 
and brick masonry were carried out to investigate the 
fabric-to-matrix and matrix-to-substrate bond mecha-
nisms. Finally, by understanding the different failure 
mechanisms of the specimens, the improvement of the 
test method and the matters needing attention in practi-
cal engineering applications on large-scale walls are pro-
posed at the end of this paper.

2  Test Setup
A series of experiments including 23 material perfor-
mance tests, 15 direct tensile tests on dry fabric and com-
posites, and 30 shear bond tests between the matrix and 
brick masonry, were carried out at the Large Structures 
Laboratory of the Cyprus University of Technology. The 
materials used during the textile and mortar tests were 
consistent—that is, the same textile and mortar compo-
sition was used to ensure limited variation in material 
properties. Similarly, the dimensions of the specimens 
across tests were appropriate for comparison purposes.

2.1  Materials
2.1.1  Fabric (textile)
A commercial alkali-resistant (AR) styrene–butadiene 
rubber (SBR)-coated glass fibre fabric was used in Trian-
tafillou et al., (2018). The SBR coating not only results in 
excellent alkaline resistance of the fibres, but is also con-
sidered to have good abrasion resistance and heat-ageing 
properties. The fabric mesh has two orthogonal direc-
tions of glass fibre bunches of unequal quantity and spac-
ing, as shown in Fig. 1a. Its raw weight was 280 g/m2. The 
vertical bundles (weft yarns) had a weight of 145  g/m2 
with a spacing of 14.2 mm, woven using horizontal cords 
(warp yarns) with a weight of 135 g/m2, spaced 18.1 mm 

Fig. 1 Material properties of fabrics: a geometry of the fabric mesh 
[dimensions in mm]; b direct tensile test of one bundle.
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apart. The total weight of the textile after surface treat-
ment was 360 g/m2.

Although each bundle of fabric has the same num-
ber of fibres, the cross-sectional area of each bundle is 
not the same owing to manufacturing differences. Each 
bundle was tested under tensile force up to failure, as in 
Caggegi, Lanoye, et al. (2017)); Scheffler et al., (2009). The 
strength and deviation were evaluated by repeating tests 
five times, as shown in Fig. 1b. The position of the breaks 
of all five bundles was at the intersection of the weft and 
the warp. The average tensile breaking load of one bunch 
of the fabric was 579.36  N, the standard deviation was 
11.63. This fabric has different fibre densities at the inter-
section and intermediate positions, and thus the cross-
sectional area is also distinct. To facilitate the study of 
the relationship of strengths among different tests in this 
study, the cross-sectional area of each main bundle was 
taken to be 2  mm2 to simplify the calculation. Therefore, 
the average tensile strength of the fabric was 289.68 MPa, 
its standard deviation was 5.81.

2.1.2  Cementitious Matrix (Mortar)
The cementitious matrix was made up of cement-based 
fibre-reinforced polymeric repair mortar. Each bag of 
this commercial mortar is packed with 25 kg of powder, 
which needs to be mixed with 4 kg of water as prescribed 
by the manufacturer. There are four reasons for choosing 
this type of mortar. It has high strength, mainly because 
it includes small glass fibres (higher tensile and flexural 
strength) which makes it suitable for the FRCM system. 

Its durable abrasion and excellent resistance to water, oil, 
and non-aggressive chemicals make it possible to bet-
ter protect internal materials, which gives durability to 
structures. It also meets the requirements of vertical wall 
construction owing to its fast hardening. Last but not 
least, the strong permeability and high adhesion of this 
mortar lead to better bond properties, particularly chem-
ical bonds.

A total of nine rectangular prisms measuring 
40 × 40 × 160  mm, which had been made using the 
tensile bond test specimens, were used for testing the 
mechanical properties of the matrix mortar. This meas-
ure was designed to follow the EN 1015–11 standard 
(Uni, 2019). The flexural tests adopted the 3-point bend-
ing method and the tensile tests were performed using a 
clamp—which was the same as the tensile bond tests for 
better comparison. Each type of experiment was carried 
out three times, as shown in Fig.  2. In addition, the six 
half-prisms from initial flexural tests were also tension 
tested as their strength might be lower than that of the 
full prisms. It is known that before the first crack occurs 
in the tensile bond test, the matrix itself is uncracked, 
and the tensile behaviour is governed by the mechani-
cal properties of the matrix. However, the strength of 
the first crack is usually smaller than that of the mor-
tar block. Therefore, the half-prism tensile tests were 
expected to find a correlation. The compression test 
adopted the longitudinal compression by using the whole 
blocks to imitate the stress situation of the FRCM layer 

Fig. 2 Methods of test for mortar: a compressive test; b flexural test, c tensile test.
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when the vertical wall was compressed. All the 28-day 
test strengths are shown in Table 1.

2.1.3  Other Materials
The masonry substrates for shear bond tests were made 
of hollow bricks (as in Fig. 3) of size 300 × 200 × 100 mm 
(length × width × height) typical of construction in the 
eastern Mediterranean. Because its light weight makes it 
suitable for earthquake resistance, its size is also the most 
common in the locality. The grooves on the brick surface 
may further enhance the mechanical interlocking with 
the FRCM interface. The water-to-cement-to-the sand 
ratio of the mortar joints was 4:7:21 by weight, where 
Type III Cement was used as a rapid hardening cement. 
Its compressive strength is shown in Table  1. Finally, 
extruded polystyrene (XPS) foam plates of 20 mm thick-
ness were bonded to the outside of the matrix as a ther-
mal insulation layer of the shear bond test specimens.

2.2  Specimen Design
The dimensions of the direct tensile test specimens are 
shown in Fig.  4. Group A specimens were made of a 
layer of dry fabric and two mortar-based gripping areas 
to avoid the influence of different transmission media on 
the stress transfer. The test specimens of Groups B and 
C were fabric reinforced cementitious matrices with one 
layer and two layers, respectively, of the textile inside. All 
samples were of the same length (500  mm) and width 
(56.8  mm), which was four times the warp spacing. In 
addition, all the thickness of the mortar on both sides of 
the fabric was designed to be 5 mm. The two layers of tex-
tile of Group C composites have been additionally added 
a 5-mm-thick layer of mortar. A 210-mm length in the 

Table 1 Mechanical properties of mortar.

* Denotes invalid data because of fast loading

Type Direction No. Peck load
(N)

Strength
(MPa)

Cementitious
Matrix

C 1 86,347.00 53.97

2 75,393.00 47.12

3 80,277.00 50.17

Avg 80,672.33 50.42

F 1 2346.30 5.50

2 2312.70 5.42

3 2463.90 5.77

Avg 2374.30 5.56

T 1 2523.20 1.58

2 2562.90 1.60

3 2320.90 1.45

Avg 2469.00 1.54

T
(after F)

1 2132.40 1.33

2 2591.40 1.62

3 2420.90 1.51

4 2044.60 1.28

5* 1645.70 1.03

6 2499.50 1.56

Avg 2337.76 1.46

Mortar Joint C 1 53,371.10 33.36

2 55,385.36 34.62

3 45,254.66 28.28

Avg 51,337.04 32.09

Fig. 3 The hollow brick. Chrysafis Ceramics Ltd. Products-Building 
Brick CH02. https:// chrys afisb ricks. com/ produ cts/ build ing- brick- ch02

Fig. 4 Geometry of direct tensile test specimens [dimensions in 
mm].

https://chrysafisbricks.com/products/building-brick-ch02
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middle of each test specimen constituted the zone that 
was used as the basis for the displacement measurement.

To study the shear bond behaviour between the FRCM 
composites and the brick walls, two groups of double-lap 
double-prism test specimens were proposed. Five dif-
ferent settings for each group were designed to investi-
gate the interfaces between the different materials. As 
shown in Fig.  5, the configuration of each test speci-
men was bilaterally symmetrical, the five different set-
tings on one side were as follows: Setting 1—one layer 
of fabric embedded into two 10  mm thick cementitious 
matrices; Setting 2—two layers of fabric embedded into 
two 15-mm-thick cementitious matrices; Setting 3—one 
whole XPS plate fixed by two 5-mm-thick matrix mortar 
bonding areas; Setting 4—two XPS plates added on to the 
outsides of two identical matrices as in Setting 1; Setting 
5—two XPS plates added on to the sides of two identical 
matrices as in Setting 1, fixed by two 5-mm-thick matrix 
mortar bonding areas.

One prism of the specimens of Group A had two 
bricks, while one of Group B had three; each mortar joint 

had a thickness of 10 mm. The type of mortar joint was 
the flush joint, which is flat and level with the bricks—not 
only is this type of joint common, but the protruding por-
tion of the extruded mortar joint may fall off and finally 
become a flush joint due to creep and long-term weath-
ering. In addition, the use of this type of mortar joint 
helps in ignoring the mechanical interlocking effect of 
the matrix or mortar joint in the experiment and obtain 
the pure shear bond strength. All the matrices (and XPS 
plates) were placed in the middle of the masonry sub-
strates to eliminate uneven stress distribution using the 
position of the mortar joints. The bonding areas of both 
groups were 56.8  mm wide, which was the same as for 
the tensile test specimens; their lengths were 110 mm for 
Group A and 220 mm for Group B, to study the effect of 
embedded length. In contrast, the length of 110 mm was 
equal to the height of one brick (100 mm) plus the thick-
ness of a mortar joint (10  mm). Therefore, each bond-
ing area of Group A specimens could be regarded as one 
bond unit that could be used to provide a parameter for 

Fig. 5 Geometry of shear bond test specimens [dimensions in mm].
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the simplified calculation and numerical simulation of 
large-scale walls.

2.3  Test Arrangement and Loading Procedures
The testing instruments are shown in Fig.  6. Direct 
tensile tests were carried out under displacement 
control using a tensile test machine at a loading rate 
of 0.5  mm/min. This rate appeared to be common in 
such experiments (D’Antino and Papanicolaou, 2018; 
Kim et al., 2018; Larrinaga et al., 2014). To investigate 
the maximum load-bearing capacity of the system, 
the clamping grips were not allowed to undergo tor-
sional rotation to obtain the direct tensile strength of 
the composites. The gripping areas of the specimens 
were reinforced using soft sandpaper on both sides to 
eliminate slip and to prevent local stress concentra-
tion. Two frames made of angle steel were used to hor-
izontally clamp the displacement test area. Then, two 
extensometers were symmetrically placed on the left 
and right sides and were secured parallel to the centre 
line of the test specimens. Each group of experiments 
was repeated five times, and a total of 15 samples were 
tested on the  28th day after curing.

As shown in Fig.  6b, the shear bond test specimens 
were fixed by upper and lower frames made of high-
rigidity steel plates and threaded rods, and a verti-
cal tensile load was applied using the test machine at 
a loading rate of 0.5 mm/min, which was the same as 
that used in the previous tensile bond tests. A 30-mm 
gap was reserved between the two symmetric prisms 

of each specimen for mounting the pallets. Next, four 
aluminium alloy fixtures were set using fast-hardening 
glue and tape to clamp the unbonded areas of the fab-
ric, which were close to the bonded regions. An exten-
someter was placed in parallel next to each bonded 
area to measure the loading end displacement. Five 
different settings for each group were repeated three 
times for a total of 30 specimens, all of which were 
tested after 28 days of production.

3  Test Results
3.1  Results of the Tensile Bond Tests
In Group A, the principal bundles of fabric had a minor 
slippage with the matrix at the initial stage of loading. 
However, when the tensile stress was transferred until the 
intersection with the first cord inside the matrix, the cord 
did not cut off the cement matrix because of the high-
strength mortar used. Therefore, the dry fabric was not 
pulled out of the gripping areas, and finally ruptured at 
the intersection with the first cord. Due to the different 
section areas of the composite specimens, the average 
stress of Group A was converted using the same cross-
sectional area as Group B; twice the peak force of Group 
A divided by the cross-sectional area of Group C is 
shown in Fig. 7, because of the two layers of fabric inside 
of Group C specimens.

The tensile bond behaviour of FRCM composites is 
usually described by the stress–strain curve. In this 
experiment, the curves could be characterised as exhib-
iting three-stage behaviour, which has been explained in 

Fig. 6 Test setup: a direct tensile test, b shear bond test.
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previous research (Caggegi, Lanoye, et al., 2017; Carozzi 
and Poggi, 2015; De Santis, Ceroni, et  al., 2017; Arbo-
leda et  al., 2016; Ascione et  al., 2015; De Santis and De 
Felice, 2015; Caggegi, Lanoye, et  al., 2017; De Santis, 
Ceroni, et  al., 2017). The test data are listed in Table  2; 
several values were lost, as explained below. In Stage I, 
the composites were uncracked, and the response was 
linear. Although the tensile behaviour is mainly governed 
by the mechanical properties of the matrix (Caggegi, 
Lanoye, et al., 2017), it also depends on the fabric as well 

as on the fabric-to-matrix stress transfer (Ascione et al., 
2015), which can lead to higher stress than the strength 
of the mortar itself. In addition, the test results of Group 
C showed a greater stiffness than that of Group B, not 
only because Group C samples used twice the fabric in 
only 1.5 times the cross-sectional area, but also because 
of the 5-mm spacing between the two layers of fabric can 
make the tensile forces of the two fabrics be indepen-
dently transferred to the matrix. Therefore, it is expected 
to have a better fabric-to-matrix bond, more so via the 

Fig. 7 Stress–strain curves of tensile tests.

Table 2 Results of tensile bond tests.

* Denotes invalid data due to a bending crack that occurred at the beginning because the specimen was not absolutely set upright

– Denotes lost data due to slippage that occurred because the specimens were not clamped tough

Specimen Stage I Stage II Stage III No. of 
cracks

σI (MPa) εI (%) EI (GPa) σII (MPa) εII (%) EII (GPa) σIII (MPa) εIII (%) EIII (GPa)

B1 1.29 0.04 3.49 2.99 – – 4.17 – – 6

B2 1.79 0.17 1.06 2.92 0.94 0.15 5.70 1.73 0.35 5

B3* 2.37 0.14 1.70 2.46 0.77 0.01 4.80 1.00 0.99 4

B4 1.55 0.03 5.04 3.88 0.81 0.30 4.60 0.94 0.56 5

B5 2.00 0.12 1.65 2.96 0.81 0.14 4.74 1.27 0.39 5

C1 2.41 0.05 4.97 – – – 4.47 0.87 – 5

C2 2.63 0.03 7.61 4.12 1.20 0.13 6.67 1.71 0.49 5

C3 2.51 0.07 3.57 4.24 0.83 0.23 5.96 1.11 0.62 5

C4 2.09 – – 4.35 0.71 0.32 5.80 0.89 0.83 6

C5 1.71 – – 4.21 0.61 0.41 6.16 0.93 0.60 5
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double time cord-to-matrix interlocking, than by plac-
ing the two layers of fabric together. After the first crack 
appeared near the middle position, the specimens also 
had another 4–5 cracks spaced 4–7  cm apart, which 
developed from the middle and extended to the loading 
ends. After the specimens developed enough cracks, all 
of them obtained a similar mode of final failure as shown 
in Fig. 8. The rupture of the fabric near the loading end 
was the most typical one in the tensile tests using the 
clamp method.

3.2  Results of the Shear Bond Tests
Before starting the loading, we zeroed the tester data 
to remove the gravity of the upper prism and frame. 
The displacement was the average value of the four 
bond areas of one specimen measured using extensom-
eters. In addition, a half load was used to ascertain the 
relationship with displacement as two bond laps were 
used to transfer the tensile load to the bond areas. 
Once damage had occurred, the loading was stopped. 
Therefore, under the assumption that the specimen 
was perfectly vertical and the bond laps on both sides 
were equally loaded, each stage and bond area were 

subjected to a half load from the test machine. Strain 
gauges were used for the matrix of two specimens, 
and it was found that the strain at the loading end was 
greater than that at the free end, but the maximum 
strain was obtained at the first mortar joint. Due to 
individual differences in the specimens, the failure of 
each sample occurred at different bond laps or different 
bond areas, at random. The typical failure modes are 
shown in Fig.  9. Further discussion of the results will 
be presented in conjunction with the various failure 
modes of the test specimens.

4  Failure Mechanisms
4.1  Fabric‑to‑Matrix Bond Mechanism
As a reinforcing member responsible for tensile force, the 
fabric-to-matrix bond is divided into four functions.

The fibre-to-mortar chemical bond is due to the 
adhesion of the mortar to the surface of the fibres 
during the crystallisation process. It depends on the 
chemical nature of the two materials. This func-
tion only exists before the relative slippage occurs 
between the fibres and the matrix. Once a relative 
slip occurs, this means that the chemical bond has 

Fig. 8 The failure mode of tensile bond tests: a failure mode of Group B specimens; b failure mode of Group C specimens.
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already been destroyed; this failure is irreversible. The 
fibre (bundle)-to-mortar internal friction is divided 
into static friction (before the slip) and dynamic fric-
tion (during the slip phase). The friction factors often 
depend on the characterisation of the fibre surface, 
the strength and hardness of the mortar as well as the 
gripping method used in the tensile tests. Further-
more, owing to the smooth surface of the fibres, fric-
tion can be enhanced by surface preparation such as 
coating. Bundle-to-cord fastening depends on how the 
nodes are created—it can also be called a yarn-to-yarn 
bond if bonded textile is used. Regardless of the type 
of fabric, a common function is to prevent the main 
bundles from shifting with the cords in order to avoid 
further sliding of the bundles. Using bundle-to-cord 
fastening, the tensile force is transferred to the cords 
to start cutting the matrix that will produce a large 
cord-to-mortar mechanical interlocking effect. This 
function depends on the tensile and shear strengths of 
the mortar.

4.2  Matrix‑to‑Substrate Bond Mechanism
The matrix-to-substrate bond is attributed to the 
chemical bond between the mortar and bricks, which is 

applied by the penetration of the mortar into the bricks 
(and parts of the mortar joints) and the adhesion to the 
surface. Since debonding occurs in an instant, no nor-
mal pressure is applied to the bond area. Therefore, no 
relative slip frictional resistance is generated. When the 
shear force is transferred to the grooves on the bricks, 
the shear strength of the mortar edges in the grooves 
bears part of the shear load, resulting in mechanical 
interlocking. Therefore, the viscosity, density, strength 
of the mortar, and the strength and surface characteri-
sation of the bricks are the factors contributing to the 
matrix-to-substrate bond.

4.3  Matrix‑to‑Insulation Bond Mechanism
This mechanism should be similar to the matrix-to-
substrate bond mechanism, which has a chemical bond 
as well as mechanical interlocking by the grooves on the 
surface of the XPS plates.

5  Failure Modes Analysis
5.1  Tensile Bond Tests
A new method is proposed to explain the failure modes 
of FRCM composites by analysing the fabric-to-matrix 

Fig. 9 Failure modes of shear bond tests.
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mechanism. The classification of the failure modes in 
tensile tests is shown in Fig. 10.

In Stage I, the matrix does not break when the compos-
ite is subjected to a small tensile force. The fabric does 
not slip within the matrix, which maintains the optimum 
fabric-to-matrix bond during this period. The first crack 
usually occurs in the middle of the specimen if the stress 
distribution is uniform. If the tensile strength of the fab-
ric is sufficiently large or there is a sufficient number of 
bundles in the composite, the tensile stress will be further 
transferred through the principal bundles without break-
ing the fabric in a one-time splitting. A rare failure mode 
may be obtained at the end of Stage I, as in Mode A of 
Caggegi, Lanoye, et  al. (2017)), due to low strength in 
most cases, or a small quantity of fibres in one bundle, or 
perhaps a few bundles in the matrix.

Subsequently, dynamic friction begins to take effect 
from Stage II, and as the fibre-to-mortar chemical bond 
and bundle-to-mortar static friction tends to be small, 
they cannot prevent the main bundle from slipping. After 
the tensile stress has been further transmitted to the 
nodes, it will be transferred by bundle-to-cord fasten-
ing to the cords, after which cord-to-mortar mechani-
cal interlocking will begin. This will be strong enough to 
make the matrix crack, step by step, until the gripping 
areas are reached. This is called the crack mode of the 
matrix. Usually, the mortar has a large enough penetra-
tion area in the meshes of the fabric so that the matrix 
only splits during the tension process, unless the com-
posite has a unique failure mode—such as Mode D of 
Caggegi, Lanoye, et  al. (2017)), which is the separation 

mode of the matrix due to the small-grid and dense fabric 
being used.

When the stress and strain of the fabric are transmit-
ted to the gripping areas, the FRCM composite enters 
the final destruction stage, that is, Stage III. The fabric 
often exhibits two failure modes. If the fabric-to-matrix 
bond force in the gripping area is greater than the tensile 
force that the principal bundles of the fabric can bear, it 
leads to the occurrence of fabric rupture. Its peak force 
depends only on the tensile strength of the textile. How-
ever, in the glued gripping tests, the tensile failure of the 
fabric may often be exhibited in the middle of the speci-
men, yet in the experiments using the clamping method, 
the rupture of the bundles mostly occurs near the clamp, 
as was the case in this research. This is because the clamp 
exerts pressure on the matrix, which increases the bun-
dle-to-mortar friction coefficient, resulting in the bun-
dles achieving maximum strain and stress concentration 
effects near the clamp. Moreover, if the tensile strength 
of the fabric is large, the fabric-to-matrix bond will even-
tually fail, causing the main bundles to exhibit slippage 
inside the mortar and be pulled from the gripping area of 
the matrix. This mode is called the slip failure of the fab-
ric, which is more common in glued grips. Its peak force 
depends on the strength of the bundle-to-cord fastening. 
The residual bond after the peak force stages of failure is 
due to the bundle-to-mortar dynamic friction, not dis-
similar to the pull-out tests.

Owing to the failure mode of the composites by tensile 
bond tests, we can use the peak load to calculate the ten-
sile strength of the fabric, as shown in Table 3. From the 

Fig. 10 Classification of failure modes in tensile tests.
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test results, it was found that the average tensile strength 
of Group A was slightly higher than that of the single 
bundles. This was due to the different gripping methods 
used and the different load transfer media. The same 
finding was reported in Caggegi, Lanoye, et  al. (2017)). 
Moreover, the results from Groups B and C were similar 
to those of Group A. This proved that when the compos-
ites finally underwent a rupture of the fabric, the ulti-
mate load-bearing capacity depended only on the tensile 
strength of the fabric.

5.2  Shear Bond Tests
In shear bond tests, the tensile load was exerted as a shear 
force on the interface between the matrix and bricks by 
the matrix-to-substrate bond mechanism. Its reaction 
force is formed by the direct tensile load on the fabric of 
the unbonded areas, and the tensile stress is transferred 
into the matrix, producing the fabric-to-matrix bond 
force. In this research, four failure modes of all speci-
mens were observed, as shown in Fig. 11.

Brittle failure of the matrix (A1): the fabric slipped 
inside the matrix and the matrix was vertically cut by 
the fabric (cords) at the end. This means that the bundle-
to-cord fastening and matrix-to-substrate bond were 

Table 3 Strength calculation of all direct tensile tests

Group No. Peck load 
(N)

Strength 
(MPa)

A (one layer of fabric) 1 3050.79 381.35

2 2382.26 297.78

3 2000.81 250.10

4 2697.53 337.19

5 2738.13 342.27

Avg 2573.90 321.74

B (one layer of fabric inside matrix) 1 2371.37 296.42

2 3239.58 404.95

3 2731.12 341.39

4 2612.30 326.54

5 2695.02 336.88

Avg 2729.88 341.23

C (two layers of fabric inside 
matrix)

1 4383.08 273.94

2 5684.14 355.26

3 5081.63 317.60

4 4945.75 309.11

5 5249.56 328.10

Avg 5068.83 316.80

The average strength of all specimens 326.59

Fig. 11 Classification of failure modes in shear bond tests.
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sufficiently secure, but the tensile strength of the mor-
tar was small, or there were no large enough penetra-
tion areas in the meshes, so the cords cut the matrix into 
two parts. The outboard matrix gradually broke from 
the loading end to the free end, but finally disintegrated 
in a moment. Here, the peak force depends on the shear 
strength of the mortar.

Shear bond failure (A2 and A4): debonding occurred 
gradually between the matrix and substrate from the 
loading end to the free end owing to the low matrix-to-
substrate bond strength. Moreover, the matrix was not 
damaged. The peak force depends on the shear bond 
strength between the matrix and the bricks.

Tensile failure of fabric (B1 and B2 and B4) or XPS (A3 
and B3): the fabric or XPS plate was pulled off and the 
matrix may have horizontal cracks near the loading end. 
The peak force depends on the tensile strength of the 
material.

Peel bond failure (A5 and B5): debonding occurred 
between the matrix and substrate from the free end to 
the loading end. Because the parallel spacing between the 
fabric and the bond interface was too large, the mortar 
block at the loading end acted as a fulcrum to convert the 
load into a twist that caused the free end to be picked off. 
The peak force depends on the peel bond strength, which 
is based on the tensile bond strength with a torsional 
moment.

The brittle failure of the matrix may only occur in the 
shear bond tests because, in the tensile bond tests the 
clamped force or rigidity of the grips protect the matrix 
in the gripping areas from damage. Moreover, two other 
failure modes may also exist in the shear bond experi-
ments: one is the slip failure of the fabric, which has the 
same failure mechanism as in the tensile bond tests; the 
other is the shear failure of the substrate, which may be 
due to the use of low-strength bricks.

Finally, failure is always produced at the position where 
the load-bearing capacity is the weakest, which causes 
the related failure mode to occur. The relevant strengths 
can be calculated from:

where n is the number of bond laps of the specimen, σsb 
is the shear bond strength, σpb is the peel bond strength, 
fs,m is the shear strength of the matrix, ft,f is the tensile 
strength of the fabric, Ab is the bond area, and Ac,f is the 
cross-sectional area of the fabric.

The strengths of all specimens are listed in Table  4 
based on their failure modes. They are empirical and 
are based on the assumption of elastic response. For 

P = n×min











σsbAb(1)
σpbAb(2)
fs,mAb(3)
ft,fAc,f(4)

,

example, for significant components the bond stress is 
extended exponentially. However, in this test, because 
the bond length is small, the average strength is used to 
simplify the calculation so as to compare its strength with 
that of other failure modes. The shear strength of the 
mortar is calculated using the longitudinal sectional area 
of the matrix, which is equivalent to ignoring the area of 
the fabric in the matrix.

In Setting A2, only the matrix of A2-2 had a partial 
shear failure of the mortar in the grooves near the loading 
end. However, after the shear load was transferred over 
the mortar joint, debonding only occurred at the inter-
face. This might have happened due to faulty production, 
which may have lowered the mortar strength. B2-2 had a 
special failure mode in which the inside layer of the fabric 
was pulled off and the outside layer of the textile cut the 
matrix. This may have been due to the difference in the 
tensile prestress applied to the two layers of fabric dur-
ing the preparation of the test piece. Another possibility 
is that the outer fabric was left with insufficient mortar 
protective layer thickness. However, this did not influ-
ence the test value much.

Debonding in A5 specimens occurred between the 
mortar and substrate from the free end to the load-
ing end, at the beginning of the test. However, after the 
shear load was transmitted over the mortar joint of the 
substrate, the crack occurred instantly at the interface 
between the mortar and the XPS layer. Because the rate 
of break occurred very quickly, the stress could not be 
transmitted along with the interface in time.

Through the differences between Groups A and B, we 
successfully changed the failure modes by increasing the 
bond length and providing sufficient bonding force to 
pull the fabric off. This also demonstrates that the bond 
length remains an essential factor in the design of shear 
bond experiments.

Arrangement A3 was expected to obtain the matrix-
to-insulation bond strength. However, all A3 and B3 
specimens exhibited tensile failure due to the low tensile 
strength of the XPS plate (a tensile crack occurred in the 
middle of the XPS plates).

By comparison with A1, the peak load of A4 was lower, 
and the failure mode changed too. It can be considered 
that the XPS plate is as a reinforcement to the matrix, 
and influences the internal transmission of stress. The 
matrix and XPS layer were not stripped so that they 
could be considered as a whole member. Subsequently, 
the load was further transmitted to the bond interface 
with the bricks. This led to an interesting result: the 
matrix was enhanced by the XPS layer, and the failure 
mode changed, but the peak force was reduced.

Although the standard deviation of the bond strength 
was significant, the results of specimens A2 and A4 
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indicate that the bond strength was not only determined 
by the strength of the mortar but also by the strength 
of the overall matrix. This is consistent with the test 
results for the first cracks in the tensile bond tests. When 
two layers of textiles are added to enhance the overall 

strength of the composites, the matrix-to-substrate bond 
strength is also improved.

Moreover, the settings of A5 and B5 failed because 
of the experimental design, and these should not be 
used further for the shear bond test as the load trans-
fer was unusual, which led to the peel bond failure. 

Table 4 Strength calculation of all shear bond tests according to different failure modes

* Denotes invalid data because the XPS plate was corroded by glue

– Denotes lost data because the specimen was damaged during placement

Failure mode Specimen Peak load (N) Half peak load (N) Section area Strength 
(MPa)

Brittle failure of the matrix A1-1 4570.01 2285.00 56.8 mm × 110 mm 0.37

A1-2 4786.65 2393.32 0.38

A1-3 4837.04 2418.52 0.39

Avg 4731.23 2365.61 0.38

Shear bond failure A2-1 10,278.66 5139.33 56.8 mm × 110 mm 0.82

A2-2 6785.30 3392.65 0.54

A2-3 8869.21 4434.61 0.71

Avg 8644.39 4322.20 0.69

A4-1 4123.15 2061.57 56.8 mm × 110 mm 0.33

A4-2 2998.88 1499.44 0.24

A4-3 1756.34 878.17 0.14

Avg 2959.46 1479.73 0.24

Tensile failure of XPS A3-1 713.28 356.64 56.8 mm × 20 mm 0.31

A3-2* 491.22 245.61 0.22

A3-3 – – –

B3-1 719.87 359.94 0.32

B3-2 825.49 412.75 0.36

B3-3 802.26 401.13 0.35

Avg 765.23 382.61 0.34

Tensile failure of fabric B1-1 6958.09 3479.05 4 × 2  mm2 434.88

B1-2 7635.88 3817.94 477.24

B1-3 7474.90 3737.45 467.18

Avg 7356.29 3678.15 459.77

B2-1 14,827.73 7413.86 8 × 2  mm2 463.37

B2-2 15,117.86 7558.93 472.43

B2-3 13,711.93 6855.96 428.50

Avg 14,552.51 7276.25 454.77

B4-1 7571.36 3785.68 4 × 2  mm2 473.21

B4-2 7650.38 3825.19 478.15

B4-3 7707.60 3853.80 481.72

Avg 7643.11 3821.56 477.69

Peel bond failure A5-1 231.40 115.70 56.8 mm × 110 mm 0.02

A5-2 1663.16 831.58 0.13

A5-3 307.08 153.54 0.02

Avg 733.88 366.94 0.06

B5-1 1128.62 564.31 56.8 mm × 220 mm 0.05

B5-2 2340.80 1170.40 0.09

B5-3 3054.00 1527.00 0.12

Avg 2174.48 1087.24 0.09
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Consequently, it only reveals that the fabric should not 
connect two sides of the expansion joint in a building.

6  Conclusions
Through a series of continuous experiments in this study, 
the following conclusions can be made:

(1) The tested tensile strength of the fabric is affected 
not only by the experimental gripping methods, but 
also by the load transfer and the medium.

(2) The tensile strength from the first crack of the com-
posite and the shear bond strength are not only 
determined by the strength of the mortar, but also 
by the strength of the overall matrix. They should 
be analysed using the fabric-to-matrix and the 
matrix-to-substrate bond mechanisms.

(3) If the thermal insulation does not debond with the 
matrix, the tensile strength of the XPS plate may be 
converted to the matrix using a specific coefficient 
through the matrix-to-insulation bond mecha-
nism, which will enhance the overall strength of 
the matrix as well as change the failure mode in the 
shear bond test.

 Due to the difference of loading direction, fixa-
tion mode and transfer medium, the relationships 
between the strength measurement results of each 
material are as follows:

(4) The test results of mortar blocks show that the 
flexural strength, tensile strength and the ten-
sile strength after fracture are 11.03%, 3.06% and 
2.90% of the compressive strength, respectively. 
Among them, the tensile strength of mortar blocks 
is 85.80% (of one layer of fabric inside) and 67.94% 
(of two layers of fabric inside) of tensile bond test 
specimens when the first crack occurs.

(5) The tensile strengths of fabric in different test meth-
ods show that the results of the single bundle tensile 
tests and tensile bond tests are 62.42% and 70.37% 
of the results of the tensile failure of fabric in shear 
bond tests, respectively.

7  Further Discussion
The matrix-to-insulation bond strength was not tested 
in this experiment, but it does not need to be indepen-
dently studied on this new upgrading system for masonry 
walls due to the low strength of XPS. If the FRCM is used 
as the outer layer, it may cause shear bond failure in the 
matrix-to-insulation interface or shear failure in the XPS 
layer. Therefore, it is an unreasonable setting. However, 
if the FRCM is set in the middle, between the thermal 
insulation and the substrate, the XPS plate always cracks 

together with the matrix without being debonded, espe-
cially on a large-scale wall of sufficient bond length.

Moreover, although we obtained a good result for 
the fabric-to-matrix bond of FRCM composites, sev-
eral research studies on large-scale experiments have 
similar results that demonstrate that the FRCM overlay 
debonded from the wall due to in-plane loading, because 
of the low matrix-to-substrate bond strength. This means 
that the FRCM system will undergo shear bond failure 
and the overlay will ultimately lose its functionality, caus-
ing the wall to be easily destroyed. It is known that the 
most desirable failure mode is that of the FRCM com-
posite cracking together with the wall without being 
debonded, but this expectation may not be fully realised. 
However, by correctly adding shear connectors between 
the masonry wall and the FRCM composites, or making 
shallow grooves on the surface of the wall, or by setting 
anchors to connect the overlay to RC frames, it is pos-
sible to prevent bond failure from occurring prematurely. 
Based on the above discussion, the FRCM system can be 
expected to provide more lasting protection for the wall, 
thereby achieving substantial improvement.

To summarise, the focus of further research will be 
on how to properly arrange the layers of materials while 
choosing an effective measure to increase the shear bear-
ing between the interfaces. It will be necessary to perform 
experiments using cyclic loading on large-scale masonry 
wall infill RC frames retrofitted with both FRCM com-
posites and thermal insulation to verify this new system.
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