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Abstract

We present the results of an experimental campaign on the bond behaviour between carbon fibre textile
reinforced mortars and masonry substrate. The campaign involved 54 single lap direct shear tests on
masonry wallettes reinforced with a single TRM layer. The key investigated parameters were the type
of the textile fibre material (light carbon and heavy carbon), the coating of the textile reinforcement
with epoxy resin, and the bond length (100, 150, 200, and 250 mm). The results highlight the beneficial
effect of the epoxy resin coating that practically doubles the maximum attained loads. This increase is
shown to be associated to a consistent shift of the failure mode from textile slippage to detachment at
the matrix to matrix interface. In the uncoated specimens, the maximum load is practically identical
for heavy and light carbon. Conversely, in the coated specimens the maximum load attained by the
heavy carbon fibre textiles is 65% higher than that of the light carbon coated fibre textiles. However,
both coated textiles demonstrate the same exploitation ratio. Cost-wise, this renders light carbon an
appealing choice in practical applications. The experimental observations are further examined in view
of analytical modelling.
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1. Introduction

Unreinforced masonry structures (URM) con-
stitute a significant portion of the global building
stock [1]; most notably, they involve structures of
extreme cultural and historical importance. In-
terventions in the form of structural strengthen-
ing are necessary to mitigate the adverse effects
of ageing and also increase their bearing capacity
vis-à-vis natural and man-made hazards [2].

Over the past years, a large number of tech-
niques has been proposed for the strengthening of
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URM structures, e.g., surface treatment, shotcrete
or ferrocement overlays, Fibre Reinforced Poly-
mers (FRP), Textile Reinforced Mortars (TRM),
and grout or epoxy resin injections [1, 3]. FRP
and TRM in particular have emerged as highly ef-
ficient and low footprint strengthening solutions;
they both harness the advantages of high strength
composites.

TRM, also referred to in the literature as Fi-
bre Reinforced Cementitious Matrices (FRCM),
involve high strength textile fibre materials em-
bedded in inorganic cement based mortars. Cur-
rently, a variety of different fibre textiles is avail-
able in the market, e.g., glass, carbon, basalt,
aramid, polypropylene (PP), polyparaphenyle ben-
zobisoxazole (PBO), or steel textiles [4]. Research
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conducted over the past 15 years has clearly high-
lighted the efficiency of TRM for the strengthen-
ing of masonry structures [5–10].

A key parameter in the effectiveness of TRM
is the bond between the composite material and
the masonry substrate. This interfacial property
has been found to often be the weak link in TRM
strenthening resulting in under-utilisation of the
textile fibre material, which is the expensive con-
stituent of the composite material [10]. Accord-
ing to the RILEM reccomendations [11], six fail-
ure modes are typically identified as shown in
Fig. 1, i.e., (A) cohesive debonding in the ma-
sonry; (B) debonding at the matrix-to-substrate;
(C) debonding at the textile-to-matrix interface;
(D) sliding of the textile within the matrix, and
(E1) partial or (E2) complete tensile rupture of
one or more fibre yarns, respectively.

To this point, a significant number of experi-
mental and analytical studies has been performed
to investigate the mechanisms governing the TRM
to masonry bond behaviour for varying bond lengths
and also different textile fibre materials, i.e., glass
(see, e.g, [12]), carbon [13] and steel fibre textiles
[14]. Driven by experiments performed in poly-
mer based composites, two test setups have been
utilised for this purpose, i.e., single-lap, see., e.g.,
[12, 15, 16] - and double-lap shear tests [4, 13, 17].
In [18] a thorough comparison on the the two
test setups was performed showing that they both
provide consistent results vis-à-vis the maximum
loads and the corresponding failure modes.

A double-lap test setup was utilized in [19] to
test carbon fibre TRMs considering three bond
lengths, i.e., 110mm, 230mm, and 350mm con-
cluding on an effective bond length lower than
110mm. In Ref. [20], the authors performed a
series of double lap tests on TRMs with varying
textile fibre materials and demonstrated that the
latter significantly affect the bond failure mode.
The typical failure mode of the carbon fibre tex-
tiles in this case was textile slippage. Conversely,
a series of tests conducted in [21] on carbon fi-
bre textiles with a different mesh size highlighted
the textile to matrix interface as a typical failure
mode.

The mortar properties, i.e., its thickness, stiff-

ness, and tensile strength have also been shown to
impact on the initial stiffness and cracking stress
of the bond [22]. Reference [23] further confirmed
that the mortar mix significantly affects the TRM
to masonry bond. Very recently, the bond per-
formance under high temperature has also been
investigated [24, 25] highlighting the advantages
of TRM systems when compared to FRP.

Despite the considerable amount of experimen-
tal research conducted in the field, results are
characterized by a significant scatter, largely due
to the uncertainties pertinent to the constituent
materials involved and also the large variety of
textile fibre configurations available in the mar-
ket. This brings forward the requirement for fur-
ther experimental testing to identify the key pa-
rameters affecting the TRM to masonry bond and
quantify their influence. In this work, we per-
formed a total of 54 single lap shear bond tests
considering 16 different TRM configurations. The
key investigated parameters of this experimental
campaign were the textile fibre material (light car-
bon and heavy carbon), the in-house epoxy coat-
ing applied on the textile and the bond length
(100, 150, 200, and 250 mm). To the authors’
knowledge, this is the first time this set of param-
eters is considered within a single experimental
campaign.

The rest of the paper is organised as follows.
The properties of the materials used, the exper-
imental configurations, and the specimen typolo-
gies employed in this experimental campaign are
presented in Section 2. The single lap direct shear
test experimental results are presented and dis-
cussed in Sections 3 and 4, respectively. Our con-
cluding remarks are provided in Section 6.

2. Experimental program

2.1. Specimens and investigated parameters

The main purpose of this experimental cam-
paign was to investigate the bond mechanisms in-
volved in masonry coupons strengthened with tex-
tile reinforced mortars. The key investigated pa-
rameters were: (a) the textile fibre material (light
and heavy carbon textiles) (b) the bond length Lb
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Figure 1: Failure modes

(100, 150, 200, and 250mm), and (c) the epoxy
resin coating.

In total 54 specimens, with overall dimensions
of 365 x 215 x 102.5 mm (Fig. 2), were prepared
and tested. Each masonry wallette comprised 5
bricks irrespective of the bond length.

The walletes were strengthened with a single
TRM layer, one week after construction. The
width of the textile was bf = 120 mm in all cases.
The dry textile length was Lf =400 mm in all
cases as shown in Fig. 2a. All specimens were
tested one month after construction. The appli-
cation of the TRM layer was performed according
to the following procedure:

(a) Air pressure was used to remove dust from
the masonry wall surface;

(b) The wall was slightly dampened and a first
layer of mortar was applied at the entire sur-
face of the wall Fig. 3a;

(c) The textile layer was applied and impregnated
into the previously applied mortar using hand
pressure Fig. 3b;

(d) A final layer of mortar was applied to com-
pletely cover the textile Fig. 3c. The total
thickness of the TRM was targeted at 6 mm,
similar to the bond tests conducted in [26].

In our previous works [27–29] we found that a

6-7 mm TRM layer thickness is an easy to achieve,
easy to work with and and well-behaved value.

It is of interest to note that the the applica-
tion of the TRM layer was performed with the
wallette positioned vertically to better emulate
the actual, on site, application practice. Hence,
the TRM layer thickness was not a controlled but
rather a targeted parameter. Measurements of the
thickness prior to testing showed that the targeted
value of 6mm was achieved within a 5% margin.

The procedure was completed while the mor-
tar was fresh to achieve optimum adhesion of the
TRM layer. The final strengthened configura-
tion is shown in Fig. 3c. An unbonded margin of
25 mm was considered in all specimens, Fig. 2a,
to minimise the impact of edge effects, i.e., avoid
stress concentrations [11, 30].

The specimens with their corresponding pa-
rameters are shown in Table 1. The naming con-
vention adopted is X Y, where X corresponds to
the textile fibre material (Ch-heavy carbon, Cl-
light carbon) and Y corresponds to the bonded
length. The suffix ’co’ is appended when the tex-
tile fibre material has been coated with epoxy
resin. The total number of TRM configurations
tested was 16. Three specimens per configuration
were tested; a fourth one was tested only when
the coefficient of variation exceeded a threshold
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(a) (b)

Figure 2: Test setup (a) test setup details (all dimensions in mm), (b) actual test setup

(a) (b) (c)

Figure 3: TRM layer application steps.
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value of 10%. The total number of specimens per
configuration is also shown in Table 1.

2.2. Materials

Typical clay bricks, available in the UK mar-
ket, were used with nominal dimensions of 215
x 102.5 x 65 mm. A 1:4 cement to sand ratio
was used for the joint mortar mix. The amount
of water was defined through trial mixes, until
the desired workability was achieved. The brick
compressive strength was determined according
to BS EN 772-1 [31]. Five bricks were tested
and the compressive strength was found equal to
19.85 MPa with a CoV of 15%.

The inorganic mortar used for the TRM ma-
trix was a dry binder comprising cement and poly-
mers at a ratio 8:1 by weight. The water to mortar
ratio was 0.23 by weight.

The tensile and compressive strength for the
joint and strengthening mortars were determined
via prism tests according to the EN 1015-11 [32].
Nine prisms were tested in three point bending
to determine the tensile strength. The ruptured
segments were used to define the uniaxial com-
pressive strength on a bear surface of 40x40 mm.
The tensile and compressive strengths for all mor-
tars are shown in Table 2.

Two different carbon fiber textiles were used
in this study, i.e., light carbon with a surface den-
sity equal to 220 g/m2 and heavy carbon with a
surface density equal to 348 g/m2. Both textiles
consisted of uncoated carbon fibers; these were
equally distributed in two orthogonal directions.
The difference in the weight per unit area resulted
in a different equivalent thickness between the two
textiles. This is reported in Table 3. The weav-
ing pattern of the two textiles was very similar.
In both cases, the fiber rovings in two orthogonal
directions were simply stitched together with the
aid of polypropylene fibers.

The mesh sizes and the mechanical properties
of the textile fibres, according to the manufacturer
data sheets, are shown in Table 3. The geometric
layout of the two textiles is schematically shown
in Fig. 2.2 where the width, the area (Arov), and
the thickness (trov) of each individual roving are

shown. The TEX value of each textile which mea-
sures the linear density is also provided.

In the coated specimens, coating was performed
in-house using an epoxy resin with a 2:1 mix ra-
tio by weight. According to the corresponding
datasheet, the elastic modulus and tensile strength
of the epoxy resin was 1.8 GPa and 37 MPa, re-
spectively. The coating of the textile fibre ma-
terial was performed according to the following
procedure:

(i) The textile was cut in strips with nominal
dimensions W =120 mm and L =1000 mm;

(ii) the textile was placed flat onto a work-bench,
taped to prevent slip and painted using a
roller with a foam nozzle;

(iii) the coated textile was left on the table for 2
days to allow the resin to cure before being
used for TRM strengthening.

It is essential to note that in all cases the mesh
size and the corresponding application procedure
ensured that the roving spacings were not filled/
covered by resin.

2.3. Textile fibre material coupon tests

The mechanical properties of the four types of
textile fibre materials used in this study, i.e., light
carbon, coated light carbon, heavy carbon, and
coated heavy carbon were characterised via ten-
sile testing as per the ASTM D5034 [33] specifica-
tions. In all cases, the free length of the specimen
was 250 mm and the width was 80 mm. Three
identical specimens were tested per case to reduce
the variability. All samples were cut in the wrap
direction of the textile rolls.

The tests were performed using displacement
control at a rate of 0.02 mm/sec in a Zwick univer-
sal testing machine fitted with a 200kN load cell.
The loading rate was chosen to ensure quasi-static
loading conditions. The elongation was measured
using two LVDTs with a 15 mm stroke and a 0.01
mm sensitivity (Fig. 5).

The failure mode in all specimens was textile
rupture in the central region as shown in Fig. 6.
The corresponding stress strain curves are shown
in Fig. 7. The tensile stress was calculated by
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Table 1: Specimen configurations and naming convention

Specimen Bond
Length
[mm]

Samples Textile fibre Coating

Cl 100 100 3 Light carbon No
Cl 150 150 4 Light carbon No
Cl 200 200 4 Light carbon No
Cl 250 250 3 Light carbon No

Cl 100 (co) 100 4 Light carbon Yes
Cl 150 (co) 150 3 Light carbon Yes
Cl 200 (co) 200 3 Light carbon Yes
Cl 250 (co) 250 3 Light carbon Yes
Ch 100 100 3 Heavy carbon No
Ch 150 150 4 Heavy carbon No
Ch 200 200 4 Heavy carbon No
Ch 250 250 3 Heavy carbon No

Ch 100 (co) 100 3 Heavy carbon Yes
Ch 150 (co) 150 3 Heavy carbon Yes
Ch 200 (co) 200 3 Heavy carbon Yes
Ch 250 (co) 250 4 Heavy carbon Yes

Table 2: Mortar properties

Mortar Tensile strength Compressive strength
[MPa] [MPa]

Joint mortar 1.85 (0.50*/0.26**) 7.82 (0.36*/0.04**)
Strengthening mortar (W/M=0.23) 4.95 (0.17*/0.03**) 28.90 (0.17*/0.02**)

*Standard deviation/ **Coefficient of Variation

Table 3: Textile fibre material parameters.

Heavy carbon Light Carbon
Weight [g/m2] 348 220
Density [g/cm3] 1.8 1.8
Nominal thickness [mm] 0.097 0.062
Tensile strength∗ [MPa] 3800 4800
Young’s modulus∗ [GPa] 225 225
∗ as reported in the manufacturers’ datasheets
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(a) (b)

Figure 4: Geometry layout of carbon fibre textiles (a) heavy carbon and (b) light carbon. Dimensions are in mm unless
otherwise stated.

(a) (b)

Figure 5: Test setup (a) Geometry of textile coupon (all dimensions are in mm), (b) Actual test setup
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(a) (b) (c) (d)

Figure 6: Fibre textile tensile tests failure modes. All specimens failed by textile rupture: (a) light carbon; (b) light
carbon coated; (c) heavy carbon; (d) heavy carbon coated.

dividing the applied load to the textile cross sec-
tional area; the latter corresponds to the coupon
width multiplied by the nominal thickness shown
in Table 3. The resulting mean values of the fibre
textile peak strength fu

f , the corresponding strain
εuf , and the modulus of elasticity Ef are shown in
Table 4. The measured values on the uncoated
textiles are practically half the manufacturer val-
ues shown in Table 3. This was anticipated as
the latter refer to the tensile strength of a single
fibre. The results obtained in the present study
agree well with the results reported in [34] on the
same textile meshes and using the same test spec-
ifications.

2.4. Single lap direct shear test setup

The walletes were clamped to the strong floor
using a steel reaction frame as shown in Fig. 2.
The steel frame comprised two steel plates con-
nected with four threaded stainless steel rods. The
textile fibre material was attached to the actua-
tor through steel plates; these were connected to-
gether via a set of seventeen bolts. Rubber plates
were installed at the plate/ textile interface to in-
crease friction and prevent damage to the textile.
All bolts were fastened using a torque wrench.

Two LVDTs with a 20 mm stroke and a 0.05
mm sensitivity were used to measure relative dis-
placements between the TRM and the brick sub-
strate. Displacements were also captured with
Digital Image Correlation (DIC), see, also, Fig.
8; the TRM surface was painted white to facili-
tate DIC measurements.

The load was applied using a servo-hydraulic
actuator fitted with a load cell with a maximum
capacity of 100 KN at a displacement rate of 0.003
mm/s, i.e., 0.18 mm/ min which is typical for
TRM to masonry bond tests [see, e.g., 35] and en-
sures quasi-static conditions. Data was collected,
synchronised and recorded using a fully-computerised
data acquisition system at a frequency of 4 Hz.

3. Bond test experimental results

3.1. Force - slip response

The force-slip paths for all specimens are shown
in Fig. 9. The slip shown in the plots is the av-
erage value of the LVDT measurements. These
matched the measurements retrieved from DIC
post-processing with minor deviations. For each
group of identical specimens, the force-slip paths
were derived by averaging the results of the three
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Table 4: Tensile test results on fibre-textile materials
Textile fu

f εuf Ef

[MPa] [%] [GPa]
Carbon (light) 1295 (205)∗ (0.15)∗∗ 0.90 (0.12)∗ (0.14)∗∗ 140 (5.68)∗ (0.08)∗∗

Carbon (light) coated 2368 (117)∗ (0.04)∗∗ 1.27 (0.11)∗ (0.09)∗∗ 170 (10)∗ (0.06)∗∗

Carbon (heavy) 1258 (103)∗ (0.08)∗∗ 0.73 (0.05)∗ (0.07)∗∗ 160 (17)∗ (0.10)∗∗

Carbon (heavy) coated 2541 (347)∗ (0.13)∗∗ 1.20 (0.30)∗ (0.25)∗∗ 196 (9.5)∗ (0.06)∗∗
∗Standard deviation, ∗∗Coefficient of variation

(a) Light carbon (b) Coated light carbon

(c) Heavy carbon (d) Coated heavy carbon

Figure 7: Fibre textile tensile tests: Stress strain curves
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Figure 8: Test setup

specimens that resulted in the lowest coefficient
of variation; the failure mode was examined and
found identical for each group.

The force-slip paths shown in Figs. 9a and 9c
for the uncoated light and heavy carbon speci-
mens, respectively demonstrate a linear increas-
ing branch up to a maximum load followed by a
gradual reduction until the experiment is stopped.
However, the response of the the coated light and
heavy carbon specimens, shown in Figs. 9b and
9d, respectively are characterized by a sudden
drop after the maximum load.

The maximum loads Pmax, the maximum stresses
at the textile f b

max, and the corresponding failure
modes are summarized in Table 5 for all speci-
mens. The maximum stress was evaluated as

f b
max =

Pmax

tf · bf
, (1)

where tf is the nominal thickness of the textile
shown in Table 3 and bf = 120 mm the width of
the textile. In deploying the nominal thickness to
evaluate the stress, the contribution of the rov-
ings vertical to the loading direction is neglected
in the stress transfer mechanism. However, we
opt for this stress measure to be consistent with
the literature, noting also that the wrap and weft
yarns in the examined textiles are identical.

In terms of maximum load, the highest value
was recorded for the case of coated heavy carbon
Ch 250 (Co) at a bond length of 250mm (Pmax =
16.11 kN). The lowest value was recorded in the

case of Cl 100 and Ch 100 and was approximately
5.5 kN. In terms of slip at Pmax, the lowest value
was recorded in the uncoated heavy carbon speci-
men Ch 250 and was equal to 0.9mm. The highest
value was recorded for the case of the Ch 250 (Co)
specimen and was equal to 1.7mm.

3.2. Failure modes

The failure modes observed for the different
bond lengths are shown in Figs. 10 and 11 for
the light carbon, and heavy carbon textile fibre
specimens, respectively. All non coated specimens
failed due to textile slippage. The correspond-
ing force-slip paths shown in Fig. 9a and 9c for
the light carbon and heavy carbon specimens re-
spectively demonstrate a residual strength that is
consistent with the observed failure mode. Con-
versely, all coated specimens failed with detach-
ment at the matrix to matrix interface. In this
case, failure was abrupt as manifested in the cor-
responding force-slip paths for the light (Fig. 9b)
and the heavy (Fig. 9d) coated carbon specimens,
respectively.

4. Discussion

4.1. The effect of the bond length

The variation of the average Pmax in all ma-
terials for increasing values of the bond length is
shown in Fig. 12. In all cases, the trend is prac-
tically bilinear, with the exception of the coated
heavy carbon fibre textile strengthened specimens.
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(a) Light carbon (b) Coated light carbon

(c) Heavy carbon (d) Coated heavy carbon

Figure 9: Experimental bond tests results
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Table 5: Bond test results
Specimen Maximum Load Pmax Maximum Stress f b

max Failure

-
Mean St. deviation CoV Mean St. deviation CoV mode
[kN] [kN] - [MPa] [MPa] -

Cl 100 5.44 0.33 0.08 731 55 0.08 D
Cl 150 6.07 0.20 0.03 815 27 0.03 D
Cl 200 6.32 0.23 0.04 849 30 0.04 D
Cl 250 6.57 0.47 0.07 883 63 0.07 D
Cl 100 (co) 8.04 0.66 0.08 1080 89 0.08 C
Cl 150 (co) 8.44 0.16 0.02 1133 21 0.02 C
Cl 200 (co) 9.61 0.83 0.09 1292 112 0.09 C
Cl 250 (co) 9.71 0.38 0.04 1304 51 0.04 C
Ch 100 5.53 0.72 0.13 475 62 0.13 D
Ch 150 6.01 0.74 0.01 548 8 0.01 D
Ch 200 6.60 0.54 0.08 567 46 0.08 D
Ch 250 6.65 0.51 0.08 571 44 0.08 D
Ch 100 (co) 10.73 0.71 0.07 922 61 0.07 C
Ch 150 (co) 10.77 0.59 0.05 925 51 0.05 C
Ch 200 (co) 15.06 1.03 0.07 1293 89 0.07 C
Ch 250 (co) 16.11 0.59 0.04 1384 50 0.04 C

(a) 100mm (b) 150mm (c) 200mm (d) 250mm

(e) 100mm (f) 150mm (g) 200mm (h) 250mm

Figure 10: Typical failure modes of specimens strengthened with light carbon textile: (a)-(d) uncoated specimens, failure
mode: Textile slippage; (e)-(h) coated specimens, failure mode: detachment.
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(a) 100mm (b) 150mm (c) 200mm (d) 250mm

(e) 100mm (f) 150mm (g) 200mm (h) 250mm

Figure 11: Typical failure modes of specimens strengthened with heavy carbon textile: (a)-(d) uncoated specimens,
failure mode: Textile slippage; (e)-(h) coated specimens, failure mode: detachment.
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Figure 12: Variation of the maximum load as a function
of the bond length

Increasing values of the bond length resulted
in increasing values of the maximum attained load
Pmax. With the exception of the coated heavy car-
bon textile fibre specimens, after a certain bond
length the maximum load tends to stabilise (Fig. 12);
this bond length corresponds to the effective bond
length, Leff . The effective bond length is in the
range of 200-250 mm for the uncoated heavy and
light and the coated light carbon specimens.

The effective bond length seems to be larger
than 250 mm for the case of the heavy coated
carbon textile fibre specimens where failure was
manifested by detachment at the matrix to ma-
trix interface. This is indicative of the fact that
the strengthening mortar employed in this exper-
imental campaign would not enable the textile to
develop its tensile strength.

4.2. The effect of the textile fibre material and in
house coating

We consider here the average values of Pmax

for the case of Lb=250 mm as reported in Ta-
ble 5. The uncoated light and heavy textile fi-
bre specimens practically attained the same max-
imum load; this agrees with the observed failure
mode, i.e., textile slippage in both cases. Hence,
the textile to matrix interface properties seem to
largely depend on the smoothness of the roving
surface rather than the geometry of the textile
mesh.We further note that the entire contact sur-
face in both cases is comparable. Excluding the
edge yarns, the heavy textile fibre material has

roughly a contact surface equal to (31 yarns x
0.95) 29.5 mm2 in both directions. The corre-
sponding value for the light textile fibre material
is (56 x 0.496) 27.7 mm2.

The exploitation ratio is defined according to
Eq. (2) as

ρTRM = f b
max

/
fu
f , (2)

where we note that for all cases the tensile strength
of the corresponding uncoated textile is employed
in the denominator. This is to better highlight
the influence of coating on the mechanical perfor-
mance of the composite system. The exploitation
ratios are plotted versus the bond length for each
textile fibre material in Fig. 13.

Figure 13: Exploitation ratio vs bond length

Since the light carbon fibre textile has a lower
nominal thickness (Table 3), a 1.5 times higher ex-
ploitation ratio is achieved in the case of the light
carbon textile fibre material as shown in Fig. 13.

All coated specimens demonstrated increased
values of Pmax compared to the corresponding un-
coated ones. In particular, the maximum load
recorded for the 250 mm coated heavy carbon
specimen increased by 142% compared to the un-
coated one. The corresponding increase for the
250mm coated light carbon fibre textile was 48%.
Since the failure mode was identical for the coated
heavy and coated light carbon specimens, i.e., de-
tachment at the textile to fibre interface, the dif-
ferent effect the coating rendered on Pmax is at-
tributed to the coarser mesh of the heavy carbon
textile; this allows for for an unhindered penetra-
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tion of the mortar through the textile, thus en-
hancing the interlocking mechanism. However, it
is of interest to note that the coated light and
heavy carbon fibre textiles demonstrate practi-
cally identical exploitation ratios as shown in Fig. 13
hence rendering the light carbon fibre textile a
more viable strengthening solution due to its lower
cost.

The beneficial effect of coating is two-fold. On
the one hand, it increases the rigidity of the flexi-
ble mesh hence facilitating its application. In ad-
dition, it enhances the fibre to matrix stress trans-
fer mechanism by bonding the inner and outer fil-
aments of the rovings, also increasing the surface
roughness of the latter. As a result, the distribu-
tion of stresses in the textile becomes more uni-
form and the fibres are better utilised in carrying
tensile forces. This is further reflected in Fig. 13
where all coated specimens demonstrate increased
exploitation ratios compared to their uncoated
counterparts. This becomes particularly evident
when observing the failure modes of the speci-
mens, which shifted from textile slippage to de-
tachment at the matrix to matrix interface.

To investigate this hypothesis, Pmax is plot-
ted against the axial stiffness of the textile for the
uncoated and the coated specimens in Figs. 14a
and 14b, respectively. In each figure, 4 lines are
plotted each corresponding to a particular bond
length. The axial stiffness of the each textile is
evaluated as Kt = tf ·Ef , where tf is the nominal
thickness shown in Table 3 and Ef is the Young’s
modulus determined from the tensile tests as shown
in Table 4.

In the uncoated specimens, the effect of the
axial stiffness is practically negligible. Further-
more, the spread between the lines corresponding
to the different bond lengths is marginal. This
clearly agrees well with the observed failure mode,
i.e., textile slippage; the interface mechanism be-
tween the textile and the mortar dictates the re-
sponse.

Conversely, in the case of the coated speci-
mens (Fig. 14b), the increased axial stiffness is
shown to magnify the effect of the bond length on
Pmax as manifested by the distance between the
lines corresponding to identical bonded lengths.

This further highlights the beneficial effect of the
textile stiffness on enabling the uniform distri-
bution of stresses within the matrix. Further-
more, for the same Lb, the maximum load in-
creases with increasing axial stiffness, contrary
to the uncoated specimens. This indicates that
coating enhances the matrix to fibre interlocking
mechanism by providing texture to the textile sur-
face.

4.3. Comparison with the literature

Driven by the fact that textile materials have
a different equivalent thickness [36] suggested to
compare different TRM systems on the basis of
their maximum load per unit width ratio (Fb).
In, Fig. 15 a direct comparison is provided be-
tween the experimental results of the present work
and the experimental results on carbon fibre tex-
tiles from the literature. The latter are collected
in Table 6. For the case of the uncoated spec-
imens examined in this work, the average value
is Fb=50 kN/m, higher than the average value of
the results reported in the literature (39 kN/m).
In all cases, failure was due to slippage. However,
the difference is well within the anticipated stan-
dard deviations for bond tests, see, also, [36] for
the case of carbon fibre textiles.

For the case of the coated carbon textiles, the
average value recorded in this work is 92 kN/m.
This is again higher than the average Fb recorded
in the literature, i.e., 76 kN/m. We note how-
ever the difference in the failure modes, i.e., tex-
tile detachment in the present work versus tex-
tile slippage in [37]. This is mainly attributed to
the different mortars employed the two studies.
In particular, the cement based mortar employed
in [37] had a compressive and tensile strength of
17 MPa and 3.6 MPa, respectively; these were
roughly 40% and 60% lower than the values of
the mortar used in the present study, see also Ta-
ble 2.

Overall, our experimental results agree well
with the trends established in the literature for
the case of carbon coated textiles and further re-
inforce the importance of coating vis-a-vis the ex-
ploitation of the textile. It is of interest to note,
that regardless of the mesh size, the exploitation
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(a) Uncoated textiles (b) Coated textiles

Figure 14: Maximum load against the axial stiffness of the textile

ratios achieved at the highest bond length are
within the range of 30%-40% for the uncoated
specimens in all cases.

5. Analytical modelling

In this Section, the bond-slip analytical model
presented in [40] is used with the objective of fur-
ther verifying the two prime observations vis-a-vis
the effect of the material and coating on the bond
mechanism, i.e.,

• When uncoated, the interlocking mechanism
is not sufficient due to the textile’s flexibil-
ity. As a result the bond is primarily driven
by the roving smoothness.

• When coated, the textiles are rigid enough
to enable the development of the interlock-
ing mechanism. As a result the bond is
stronger in coarser mesh sizes that allow the
mortar to penetrate the textile.

The analytical model is derived on the basis
of the following assumptions, i.e.,

(i). The support and the lower mortar layer (Fig.
16) are assumed rigid;

(ii). the (lower and upper) mortar/reinforcement
interfaces are modelled as zero-thickness el-
ements with only shear deformability;

(iii). the upper mortar layer and the reinforce-
ment are assumed deformable only axially.

Furthermore, the following constitutive law is
assumed at interface between the textile and the
lower mortar layer

τ i =

{
Gisi if si ≤ s1

0 if otherwise
, (3)

where τ i is the shear stress at the interface, si is
the slip at the interface, Gi is the shear modulus
and s1 is the slip threshold value.

In [40], the model is derived on the basis of
appropriate equilibrium and compatibility condi-
tions to describe the following set of individual
states

(i). DP0–undamaged state;

(ii). DP1–damage involving only the interfaces
(de-bonding);

(iii). DP2–damage involving only the upper mor-
tar (cracking);

(iv). DP3–damage involving both the interfaces
and the upper mortar (de-bonding/cracking).

Remark 1. Since in our experiments the failure
modes observed were textile slippage and detach-
ment in the uncoated and coated specimens, the
only relevant states are DP0 and DP1; we con-
sider that the matrix cracking observed at the coated
specimens had only a minor effect in the observed
response. Furthermore, only the cases where the
effective bond length has been established are ex-
amined, i.e., Lb >200 mm. Although this is not
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Figure 15: Carbon fiber textile reinforced mortars: Average maximum load per unit width in shear bond tests data
according to Table 6
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Table 6: Summary of experimental results available in the literature

Reference Label

Textile
mesh
size
(mm)

TRM
thickness
(mm)

Bond
length
(mm)

Width
(mm)

Type
of test

Maximum
Load
[kN]

Failure
Mode

ρTRM

[19]
carbon1 10x10 NR 110 250 DF 8.26 D -
carbon2 10x10 NR 230 250 DF 7.46 D -
carbon3 10x10 NR 350 250 DF 7.64 D -

[13]
carbon4 30x30 ≈ 10 260 96 SL 3.97 D,B 0.38
carbon5 10x10 ≈ 10 260 100 SL 4.27 D,E2 0.52
carbon6 9.4x9.4 ≈ 10 260 100 SL 2.62 D 0.3

[38]

carbon7 10x10 8 150 50 SL 1.91 D 0.36
carbon8 10x10 8 200 50 SL 2.03 D 0.38
carbon9 10x10 8 250 50 SL 1.73 D 0.35
carbon10 10x10 8 300 50 SL 1.78 D 0.36

[39]
carbon11 6x6 6 150 90 DF 4.03 D 0.57
carbon12 6x6 6 200 90 DF 4.1 D 0.57
carbon13 6x6 6 250 90 DF 4.11 D 0.57

[37]

carbon14 D20x20 10 150 60 DL 2.99 D 0.21
carbon15 L20x20 10 150 60 DL 3.27 D 0.28
carbon16 M20x20 10 150 60 DL 5.28 D 0.46
carbon17 H20x20 10 150 60 DL 5.25 D,E1 0.46
carbon18 LS20x20 10 150 60 DL 4.07 D 0.35
carbon19 MS20x20 10 150 60 DL 4.65 D 0.40
carbon20 HS20x20 10 150 60 DL 6.49 D,E1 0.56

DF-double-face, SL-single-lap, DL-double-lap test setup; Failure modes corresponding to Fig. 1
NR- Not Reported
ρTRM -Exploitation ratio
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Figure 16: Schematic of the TRM system at the basis of
the analytical model presented in [40].

Figure 17: Debonding stages

the case for the coated heavy carbon specimens,
these are still considered in the discussion for the
sake of comparison.

Considering the case of a specimen subjected
to a controlled displacement with a maximum value
δmax, the governing equations describing the re-
sponse of the specimen at DP1 are defined on the
basis of three steps. At the end of the first step
the lower interface is assumed to attain its shear
strength at the loaded end of the specimen. At
the end of the second step, the upper mortar to
textile interface is assumed to have reached its
shear strength. At this point, the lower interface
is assumed to be debonded for a length a. At
the end of the final step, the global slip has as-
sumed the value δmax and the upper interface has
debonded for a length b. Hence, during the entire
process the specimen is assumed to be slit in parts
depending on the values of the debonding lengths
a and b as shown in Fig. 17.

Based on the aforementioned, the governing
equations for the three sub-domains of the speci-
men are defined according to Eqs. (4)-(6) below.
In particular, Part “1” (0 < x < L − a − b) is
governed by


d2si1
dx2

−K1(s
i
1 + se1) = 0

(
d2si1
dx2

− d2se1
dx2

) +K2s
e
1 = 0

, (4)

where si1 is the slip of the lower interface at Part
“1”, se1 is the slip of the upper interface at Part
“1” and K1 = Gi/tfEf , K2 = Gi/tcEc are ma-
terial constants; tc and Ec are the thickness of
the upper mortar layer and the mortar Young’s
modulus, respectively.

Similarly, Part “2” (L− a− b < x < L− b) is
governed by

d2si1
dx2

−K1s
e
1 = 0

(
d2si1
dx2

− d2se1
dx2

) +K2s
e
1 = 0

(5)

and finally Part “3” (L-b< x< L) is governed by
d2si3
dx2

= 0

d2si3
dx2

− d2se3
dx2

= 0

(6)

Eqs. (4)-(6) can be solved considering also the
appropriate boundary and continuity conditions.
Further information along with a thorough dis-
cussion on the application of the model can be
found in [40], see, also, [16].

In the following, the procedure for identifying
the interface properties to be used in the analyt-
ical model is described. In all cases, the textile
Young’s modulus Ef is set according to the ten-
sile tests results shown in Table 4. The mortar’s
Young’s modulus is set to Ec=15000 MPa accord-
ing to the manufacturer data sheets. The upper
layer mortar thickness is set to t =4 mm and the
textile thickness according to Table 5. The shear
strength of the interface τi and the corresponding
slip s1 is inferred from the experimental results as
discussed in Sections 5.1 and 5.2 for the coated
and uncoated specimens, respectively. The val-
ues of all material parameters are summarized in
Table 7.
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Table 7: Material parameters employed in the analytical model. The identified parameters are highlighted in grey color.

Material Ef Ec* t tf τi s1
[-] [GPa] [MPa] [mm] [mm] [MPa] [mm]
Light carbon 140 15000 4 0.062 0.33 1.3
Heavy carbon 160 15000 4 0.097 0.33 0.9
Coated light carbon 170 15000 4 0.062 0.6 1.4
Coated heavy carbon 196 15000 4 0.097 0.75 1.75
*Data reported in the data sheet

5.1. Coated specimens

In the case of the coated specimens, the failure
mode was due to detachment. We use the force
slip response of the heavy carbon coated specimen
with Lb=250 mm and determine the correspond-
ing interfacial shear strength

τCh co
i = 0.75 MPa.

The corresponding slip s1 is measured from
the plot and found equal to s1 = 1.75 mm. These
parameters are then used to generate the analyt-
ical force slip response of the coated carbon spec-
imen at Lb=200 mm. The resulting analytical
versus the experimental force-slip plots are shown
in Fig. 18.

Next, the interfacial shear strenth of the light
carbon coated specimens is directly estimated through
the following equation

τCl co
i = ατCh co

i , (7)

where α is the ratio of the light to heavy carbon
mesh size, i.e.,

α = 0.8

The resulting shear strength is τCl co
i = 0.6 MPa.

The corresponding slip is measured from the plot
and found equal to s1 = 1.40 mm. The resulting
force slip plots for the light carbon coated tex-
tile specimens are shown in Fig. 19. Despite the
fact that the interface shear strength of the light
carbon specimens was inferred using Eq. (7), the
analytical model practically matches the experi-
mental response for the case of Lb=200 mm. In
the case of Lb=250 mm, the predicted maximum
load is 1.5% higher than the experimentally mea-
sured one. This fact reinforces our observation

that coating renders the textile adequately rigid
so that the mesh size becomes relevant in the bond
transfer mechanism.

5.2. Uncoated specimens

In the uncoated specimens, the failure mode
was due to textile slippage within the matrix.
Here, Ch 250 specimen is used to identify the
shear strength of the interface. The identified
value is ti=0.33 MPa. This value is then retained
constant for all heavy and light uncoated spec-
imens. The corresponding value of the slip is
s1=1.3 mm for the heavy carbon specimens and
s1=0.9 mm for the light carbon specimens. The
resulting plots are shown in Fig. 20.

In all cases, the fit between the analytical pre-
diction and the experimental results is accept-
able. The highest discrepancy in terms of max-
imum load is observed in the case of specimen
Cl 250 where the analytical prediction is 4.5%
higher than the experimental one. Once again,
this reaffirms our observation that in the case of
the uncoated specimens the bond mechanism is
driven by the smoothness of the roving surface
and the chemistry of the bond rather than the
geometry of the textile mesh.

As a means of further verification, we use the
analytical model to predict the maximum load on
the uncoated specimens (carbon1-12) reported in
Table 6. In all cases, the predictions are estab-
lished using a value of ti=0.33 MPa. The remain-
ing pertinent parameters, i.e., bonded length, spec-
imen width, the mortar and the textile properties
are set to their corresponding values found in the
literature. The predicted maximum load for each
case is compared to the average experimental load
in Fig. 21.

20



(a) (b)

Figure 18: Analytical predictions versus experimental measurements for the heavy carbon coated textile fibre specimens
(a) Lb =200 mm (b) Lb =250 mm

(a) (b)

Figure 19: Analytical predictions versus experimental measurements for the light carbon coated textile fibre specimens
(a) Lb =200 mm (b) Lb =250 mm
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(a) Cl 200 (b) Cl 250

(c) Ch 200 (d) Ch 250

Figure 20: Uncoated fibre textile specimens: Analytical predictions versus experimental measurements

In most cases, a very good agreement is ob-
served. The highest discrepancy between the ex-
perimental results and analytical prediction oc-
curs for experiment 6. In this case, the predicted
maximum load is 60% higher than the the exper-
imental one. Given that the mesh geometry, the
mechanical properties, and the bond length were
practically identical, we believe that this differ-
ence could be potentially attributed to the differ-
ent mortar mixes implemented in the two stud-
ies and hence the differences in the corresponding
mechanical properties and also to the chemistry
of the bond.

6. Conclusions

An extensive experimental campaign was con-
ducted to investigate the TRM to masonry bond
strength considering as key investigated parame-
ters the bond length, the textile fibre material, the
effect of epoxy resin coating, and the strength of
the mortar matrix. The main conclusions drawn

Figure 21: Comparisons between the analytical predictions
and the bond tests on the uncoated textiles reported in
Table 6. Color coding corresponds to Fig. 15
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for the experiments are summarised below:

(i) By increasing the bond length, the bond ca-
pacity increased bi-linearly for all materials
examined. After a certain bond length, i.e.,
the effective bond length Leff , the bond ca-
pacity increased marginally. With the ex-
ception of the coated heavy carbons, the bond
length was found to be Leff =200-250 mm.
The experimental results are inconclusive for
the case of the heavy carbon coated speci-
mens.

(ii) The in-house epoxy resin coating positively
effected the maximum load capacity in all
bond lengths. The coated light and heavy
carbon demonstrated increased values of the
maximum load by 42%, and 132%, respec-
tively when compared with their uncoated
counterparts (250 mm bond length case).

(iii) When coated, the light and heavy carbon fi-
bre textiles demonstrated identical exploita-
tion ratios for the same bond length. This
indicates that the light carbon fibre textile is
a more viable solution of strengthening due
to its lower costs.

(iv) Increasing values of the maximum load are
associated with the increasing axial stiffness
of the textile only in the case of the coated
specimens. Coating renders the textile stiffer
hence preventing distortions within the ma-
trix. This allows for a uniform stress distri-
bution in the textile eventually enabling it
to develop higher stresses.

(v) Coating further magnified the effect of the
bond length. For the same bond length, the
coated specimens demonstrate significantly
higher values of maximum load compared to
their uncoated counterparts. This indicates
that the matrix to fibre interface properties
are enhanced due to the surface roughness
provided by the coating.

(vi) Analytical predictions, on the basis of ratio-
nal assumptions, highlight that in the case
of uncoated carbon fibre textiles, the bond
strength is regulated by the surface proper-
ties of the fibre rather than the geometry of
the textile mesh.
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