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ARTICLE INFO ABSTRACT

Keywords: One of the most important factors that define the effectiveness of Textile Reinforced Mortar (TRM) is their bond
TRM capacity to the substrate. This property may be compromised in case of exposure to high temperatures, although
FRCM the information available on this topic is very limited at the moment. This paper analyzes the bond behavior on
roasgnry clay brick substrates of TRMs with carbon or glass textiles and different hydraulic lime mortar matrix. The effect

High temperature

of bond length and 3 levels of exposure temperature (20, 200 and 400 °C) are studied. The results show that at

200 °C the TRMs analyzed retain a significant part of their bond capacity, although textile slippage within the
mortar matrix occurs and the tensile capacity of the fibers cannot be fully exploited, even if the meshes are
properly anchored. At 400 °C the bond capacity may be completely lost, and debonding at the matrix-to-
substrate interface may occur at very low stresses, depending on the properties of each TRM.

1. Introduction

Textile Reinforced Mortars (TRM) are a relatively new generation of
composites that have gained considerable attention from the scientific
community in the last two decades. The system basically consists of the
introduction of one or more fiber meshes embedded in a mortar matrix,
resulting in a material of very little thickness (usually around 10 or 15
mm) that can be successfully used both for the strengthening of concrete
[1] or masonry [2] structures. TRMs are usually composed of bi-
directional meshes of glass, carbon, basalt or steel fibers (among other
materials) and cementitious or lime-based mortars, sometimes enriched
with polymers or short fibers. For masonry structures in particular, and
compared to other strengthening solutions such as Fiber Reinforced
Polymers (FRP), TRMs provide some interesting advantages: better
compatibility with the retrofitted substrates, easier implementation on
uneven or wet surfaces, vapor permeability, reasonable reversibility and
better performance at high temperatures, for example. The effectiveness
of TRMs has been successfully tested in different scenarios, such as
retrofitting of walls [3-5], column confinement [6-8] and strengthening
of arches or vaults [9-11], among other applications.

One of the key parameters determining the effectiveness of TRM is
their bond capacity with respect to the element to be strengthened. To
determine this property, composite-to-substrate bond tests are often
performed with different configurations, usually single-lap or double-
lap (with single or double substrate prisms) setups [12]. Among them,
the single-lap setup is arguably the least complex to test and requires
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monitoring of just one bonded area [13], hence its implementation in
the methodology adopted in the present study. In recent years, some
interesting Round Robin Tests have been developed to evaluate the bond
strength of TRMs with carbon [14], basalt [15], glass [16,17] or steel
[17] fibers. Regarding the supporting substrate, most of the published
research focused on masonry prisms built with standard clay bricks, and
only two references have been found studying tuff blocks [18] or his-
torical bricks from a century-old building [19]. Another critical issue
that affects the effectiveness of TRM is the anchorage length of the
meshes, an aspect that has been analyzed by means of tests with varying
bond lengths [20-26]. Regarding textile density, usually a single mesh is
applied, although the behavior with two or more meshes has also been
reported [21,25,27,28]. Other works have focused on durability or
response to adverse conditions by testing under cyclic loading [29],
freeze-thaw conditions [30] or salt erosion environment [31]. More-
over, some researchers have explored the potential of innovative mea-
surement techniques to characterize the behavior of the material, such
as digital image correlation, acoustic emission or optical sensors
[32-34]. As general overview of the research carried out, it is worth
mentioning that the bond strength of TRM to masonry substrates is a
complex issue, depending on a number of factors. Failure modes are
expected to be highly variable, as established by standards and design
guidelines [13,35,36], although in most cases it is initiated by textile
slippage within the mortar matrix or debonding at the textile-to-matrix
interface.

In the context of high temperature behavior, the non-combustible
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nature of the inorganic matrices of TRM is a clear advantage over the
organic resins used with FRP [37]. Unfortunately, this feature often
leads to the erroneous perception of these materials as fire-resistant
solutions, when in fact this is not the case [38]. In this sense, it is
worth mentioning some interesting investigations evaluating the loss of
tensile strength in TRM coupons with different textile materials and
matrices, after exposure to high temperatures [39-41]. Nonetheless, the
information available on the bond capacity at high temperature, or after
exposure to elevated temperatures, is very limited at the present time.
Some authors have analyzed the bond of TRM-to-concrete substrates
[42,43], although from the point of view of the objectives of this
research, the works published on masonry substrates are particularly
relevant: Maroudas and Papanicolaou [44], Donnini et al. [45], Ombres
et al. [46], Iorfida et al. [47], Askouni et al. [48,49] and Ferretti et al.
[50]. The temperature ranges in these studies are relatively moderate
(up to 300 °C) and data on exposure to higher temperatures are only
available in [47,49], up to 500 °C and 400 °C, respectively. These results
are discussed in more detail in Section 3.3, where the characteristics of
the different experimental methodologies and the main results obtained
can be consulted. Consequently, it is not considered appropriate to
extend this introduction unnecessarily with this information. Finally, a
recent work published by some of the authors of this research [51]
evaluated the behavior of masonry panels strengthened with different
TRM and subjected to 600 °C. It was found that exposure to high tem-
peratures considerably compromised the bonding of the composite
material to the masonry substrate, depending on the characteristics of
the meshes and the matrices involved.

Once the state-of-the-art on the bond capacity of TRM on masonry
substrates after exposure to high temperatures has been analyzed, a
significant knowledge gap on this subject has been identified. At the
present time, this topic has hardly been investigated and very limited
research has been published to date. Therefore, it is considered very
appropriate to provide experimental data that will help to enrich the
state of knowledge on this specific issue. For this purpose, TRMs with
carbon or glass fiber textiles and different hydraulic lime mortar
matrices are used on fired clay bricks substrates. Two different bond
lengths are proposed, in order to analyze the behavior of sufficiently or
insufficiently anchored meshes. With respect to temperature, three
different exposure levels are proposed: 20, 200 and 400 °C. Finally, the
experimental results are compared with those reported by the few
similar investigations available at present, annotated in the previous
state-of-the art introduction.

2. Materials and methods

The research presented here was carried out at the LARGE Structures
Laboratory of the Civil Engineering Department of the University of
Alicante (Spain). This section defines the properties of the materials
used, details the planning of the experimental setup and describes the
tests that were carried out.

2.1. Characterization of materials
To simulate the masonry substrate, solid fired clay bricks of di-
mensions 230 x 110 x 50 mm? were used, with a density of 1550 kg/m?

and a compressive strength of 15 MPa, as specified by the manufacturer.
The mortar used for the joints was natural hydraulic lime mortar with

Table 1
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pozzolan, with a density of 2000 kg/m® and a minimum compressive
strength of 7.5 MPa, according to data provided by the supplier. A total
of eighteen masonry prisms were built with both materials, consisting of
five brick units and four 10 mm thick mortar joints, with total di-
mensions of 230 x 110 x 290 mm®.

The mechanical properties of the materials were also determined
experimentally. For this purpose, six 110 x 110 x 50 mm® brick spec-
imens were prepared and tested in compression according to UNE-EN
772-1:2011 + A1:2016 [52]. In addition, six 230 x 50 x 50 mm°®
specimens were tested in bending according to UNE-EN 772-6:2002 [53]
and UNE-EN 1015-11:2020 [54]. For the mortar, three specimens of
160 x 40 x 40 mm® were manufactured and tested in bending, subse-
quently determining the compressive strength in the resulting six halves
[54]. Finally, the compressive strength of the masonry prisms was
determined by testing three specimens following the instructions of the
UNE-EN 1052-1 standard [55].

All of these tests were carried out at 3 different temperature levels:
20, 200 and 400 °C, using a programmable electric furnace whose
heating curves are detailed in the following section. Exceptionally, the
bricks were only tested at 20 °C, because a previous investigation with
the same materials [51] had shown that their strength loss after expo-
sure to 600 °C was negligible. The results obtained are summarized in
Table 1, where the corresponding coefficients of variation are included
in parentheses. Note that the materials used retain their mechanical
properties practically intact up to 200 °C, with a loss of strength at
400 °C of about 15% in compression and 40% in bending, with respect to
unheated samples.

The TRM tested in this study included two different commercial
solutions, both of which were supplied by Mapei. On the one hand, a
high-strength carbon fiber mesh (Mapegrid C170, hereinafter referred to
as “C”) with a two-component fiber-reinforced mortar composed by
hydraulic lime, Eco-Pozzolan, natural sand, special additives and syn-
thetic polymers in water dispersion (Planitop HDM Restauro, herein-
after referred to as “MC”). On the other hand, a pre-impregnated alkali-
resistant glass fiber mesh (Mapenet EM40, hereinafter referred to as “G™)
with a ready-mixed mortar made from natural hydraulic lime, reactive
inorganic compounds, natural sand, special admixtures and micro-fibers
(MapeWall Render & Strengthen, hereinafter referred to as “MG”). Fig. 1
shows a detail of the two meshes used and Table 2 specifies the physical
and mechanical properties of the different products, according to the
technical documentation provided by the manufacturer.

The mechanical properties of the meshes and mortars were deter-
mined experimentally for the three temperature levels indicated above
(20, 200 and 400 °C). The bare textile meshes were tested in uniaxial
tension, preparing nine samples of each type divided into three groups of
three specimens for each temperature level. The samples were composed
of 8 (mesh C) or 3 (mesh G) yarns, with a length of 450 mm, and were
tested in warp direction in all cases. The tests were carried out in an
electric press equipped with a 20 kN load cell at a constant speed of 0.3
mm per minute, recording the elongations by means of two LVDTs
placed on both sides of the specimen and determining the mean value.
To improve the grip of the meshes, both ends were reinforced with FRP,
placing 2 layers of quadriaxial fiberglass fabric embedded in epoxy
resin. The length of these reinforcements was 120 mm, leaving a central
bare mesh section of 210 mm.

The resulting specimens were bolted between two 10 mm thick steel
plates and the anchoring device to the press was designed to allow

Mechanical properties of clay bricks, bed-joint mortar and masonry prisms (coefficients of variation in parentheses).

Compressive strength (MPa)

Flexural strength (MPa)

at 20 °C at 200 °C at 400 °C at 20 °C at 200 °C at 400 °C
Clay bricks 13.9 (10.4 %) - - 4.2 (16.9 %) - -
Bed-joint mortar 8.4 (8.7 %) 9.2 (6.8 %) 7.1 (10.0 %) 1.2 (14.3 %) 1.1 (7.6 %) 0.7 (16.9 %)
Masonry prisms 8.8 (4.8 %) 8.5 (9.5 %) 7.9 (5.3 %) - - -
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Fig. 1. Detail of the textiles used: (a) high-strength carbon fiber mesh; (b) A.R.
glass fiber mesh.

Table 2
Properties of TRM textiles and mortars (values provided by the manufacturer).
Textile Matrix mortar
C G MC MG
Type of fiber high-strength alkali-resistant - -
carbon fiber glass fiber
Mesh size (mm) 10 x 10 40 x 40 - -
Weight (g/m?) 170 270 - -
Load-resistant area 48 35.82
(mm?/m)
Area of single yarn (mm?) 0.48 1.52 - -
Tensile strength (kN/m) > 240 56.25 - -
Tensile strength (MPa) © > 5000 1570 - -
Elongation at failure (%) 2 4 - -
Modulus of elasticity 252 + 2% 33 8 10
(GPa)
Compressive strength - - > 15 > 15
(MPa)
Bond strength to - - >0.8 >1

substrate (MPa)

@ Values not supplied, obtained from tensile strength (kN/m) and load-
resistant area (mm?/m).

rotation at both ends, in order to correct possible eccentricities or
centering errors. The stress-strain curves obtained for the carbon
(Fig. 2a) and glass (Fig. 2b) fiber meshes under the three temperature
levels considered are shown in Fig. 2. The experimental results are
summarized in Table 3, including the corresponding coefficients of
variation in parentheses. As can be seen, the carbon fiber meshes
maintain their properties intact up to 200 °C and only show a slight
strength loss (less than 15%) at 400 °C, with the modulus of elasticity
almost intact. However, the behavior of the glass fiber meshes is clearly
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Table 3
Experimental results for bare textiles exposed to 20, 200 and 400 °C (coefficients
of variation in parentheses).

D C20 C200 C400 G20 G200 G400
Exposure temperature 20°C 200°C 400°C 20°C 200°C 400°C
Tensile strength (MPa) 2894 2927 2501 1397 1401 374
0.6%) (41%) (4.0%) (“43%) (1.4%) (2.1 %)
Elongation at failure (%) 1.07 1.02 0.83 1.73 1.43 0.39
(3.4%) (3.6%) (1.9%) (5.5%) (0.9%) (7.0%)
Modulus of elasticity 289 304 328 97 (1.5 102 95 (2.5
(GPa) (2.5%) (3.4%) (0.4%) %) (1.3%) %)
Table 4
Experimental results for TRM mortars exposed to 20, 200 and 400 °C
(coefficients of variation in parentheses).
D MC MG
Exposure temperature 20 °C 200°C 400°C 20°C 200°C 400°C
Compressive strength  16.9 15.7 7.1 9.6 8.4 8.8
(MPa) (5.4 %) (20.7 %) (12.1 %) (15.9 %) (16.3 %) (17.1 %)
Flexural strength 5.3 5.5 2.4 4.0 3.1 2.9
(MPa) (13.3%) (11.9%) (9.9%) (10.7 %) (4.1 %) (6.8 %)
Modulus of elasticity 8.6 6.9 3.8 10.3 8.3 6.5
(GPa)* (45%) (35%) (44%) (22%) 1.9%) (1.9%)

2 Dynamic modulus from ultrasonic tests in 160x40x40 mm> mortar samples.

different, showing a strong degradation of the material at 400 °C, with
strength losses of more than 70%. It should be noted that the tensile
strength of the carbon fiber mesh tested at room temperature is signif-
icantly lower than the value provided by the manufacturer (Table 1);
this is not the case with the glass fiber mesh, in which only a difference
of about 12% was obtained.

The mortars used in the TRM systems were also tested experimen-
tally. The results were reported in a previous research published by the
authors of the present work [41] and are summarized in Table 4. To
determine the mechanical properties, series of three prismatic speci-
mens of 160 x 40 x 40 mm® were prepared for each type of mortar and
temperature level, which were subsequently tested in bending and
compression by the same procedure indicated above [54]. Prior to the
mechanical tests, the dynamic modulus of elasticity was determined by
ultrasonic wave propagation tests on the same specimens, according to
ASTM D2845-08 [56]. The test procedure, an image of the equipment
used, and the formulation used for the calculation of the dynamic
modulus of elasticity can be found in [41]. The results show that the MC
mortar performed well up to 200 °C, although it underwent a strong
degradation at 400 °C, with a decrease of almost 60% in both strength
and modulus of elasticity. In turn, the MG mortar appeared to withstand
the effect of temperature better, both in terms of strength and stiffness.
As discussed in [41], the liquid phase of the MC mortar is composed of
synthetic polymers in water dispersion, which exhibit a significant

3000 (b)
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0.40

0.80 1.20
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Fig. 2. Stress-strain curves obtained experimentally for bare textiles exposed to 20, 200 and 400 °C: (a) carbon fiber mesh; (b) glass fiber mesh.
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degradation at temperatures above 200 °C; on the other hand, this
mortar is reinforced with polypropylene fibers, which are highly
affected by heat and largely determine the flexural strength of the ma-
terial. For these reasons, MC mortar is more sensitive to exposure to high
temperatures than MG.

2.2. Experimental program and exposure to high temperature

For the experimental program of this research, eighteen masonry
prisms composed of five brick units of total dimensions 230 x 110 x
290 mm® were prepared, as explained in the previous section. All
specimens were kept for a 90-day period in ambient laboratory condi-
tions, in order to allow sufficient curing of the natural hydraulic lime
mortar used for the joints. After that, the surface of the panels was
prepared by removing loose mortar residue, dust and dirt using a steel
wire brush and compressed air. The installation of the TRM is illustrated
in Fig. 3a, which shows the application of one of the glass fiber meshes,
adopting the recommendations of RILEM TC 250-CSM [13]. First, the
surface of the masonry was saturated with water to prevent moisture loss
from the mortar mass by absorption. Next, a first layer of mortar about 5
mm thick was applied inside a mold to precisely define the desired bond
width and length. With the mortar still fresh, the reinforcing mesh was
placed, applying light pressure and making sure that the yarns were
perfectly aligned and centered in the specimen. A second 5 mm layer of
mortar was then applied and smoothed with a smooth-edged metal
trowel, resulting in a total thickness of the TRM of approximately 10
mm. A scheme with the geometry and dimensions of the specimens is
shown in Fig. 3b. It can be observed how in all cases a free length of 400
mm of unbonded textile was maintained, as well as a distance of 30 mm
between the beginning of the bonded area and the edge of the masonry
prism [13]. The free end of the meshes in the gripping area was left
embedded between two layers of FRP, made of quadriaxial glass fiber
fabric and epoxy resin, with a length of 120 mm. The width of the
bonded area (B) was 100 mm in all cases, a dimension that allowed
accommodating eight yarns (carbon fiber mesh, with a narrower pitch)
or three yarns (glass fiber mesh, with a wider pitch). As shown in Fig. 3b,
a TRM was applied on each of the main faces of the wall, with two
different bonding lengths (L; = 250 mm and Ly = 150 mm), to simulate
the case of sufficiently or insufficiently anchored meshes on the sub-
strate. To define these lengths, the ACI 549.6R-20 [36] guidelines were
followed, which establishes an effective bond length in the range of 200
to 250 mm; on the other hand, the recommendations of RILEM TC 250-
CSM [13] were also considered, where it is indicated that bond lengths
shorter than 250 mm may be insufficient and are therefore not recom-
mended. It should be noted that the lengths defined in both documents
are generic and independent of the type of mesh used. In all cases a
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single layer of reinforcement was placed and, of the two textiles used,
only mesh C was pre-impregnated with the liquid phase of the MC
mortar, in order to increase adherence and following the manufacturer’s
recommendations (mesh G is coated and does not require such pre-
impregnation). Finally, once the installation of the TRM was
completed, the exposed mortar surfaces were protected with poly-
ethylene sheets to preserve humidity and were kept for 7 days.
Furthermore, the specimens were kept in ambient laboratory conditions
for a total of 60 days before starting the bond tests, which are detailed in
the following section.

The experimental campaign was designed on the basis of twelve
series and three specimens per series, with the codification given in
Table 5. The first letter indicates the type of mesh used (C or G). Next,
the exposure temperature level is defined (20, 200 or 400 °C). Next, the
bond length adopted is specified (150 or 250 mm). Finally, the number
of the specimen within each series is indicated (1, 2 or 3). For example,
reference C200-150-3 denotes a TRM with carbon fiber mesh exposed at
200 °C, with a bond length on the substrate of 150 mm, and specimen
number 3.

For the definition of the indicated temperature levels, the results
reported in [41] were considered, where coupons produced with the
same materials were studied in tensile tests after exposure to 100, 200,
400 and 600 °C. In this research it was found that both TRMs retained
their properties relatively unaltered at 200 °C, were significantly
affected by exposure to 400 °C, and lost all their mechanical capacity at
600 °C as a consequence of the total degradation of the meshes. For this
reason, the maximum exposure temperature in the present work was
limited to 400 °C. All the series subjected to high temperatures were
previously treated with thermal insulation to preserve the integrity of
the meshes and prevent distortions in the bond tests to be carried out
later. Fig. 4a shows the solution adopted, which basically consisted of
placing mineral wool and temperature-resistant aluminum foil tape,
keeping the bonded area of the TRM exposed to the brick substrate.
However, in order to avoid deterioration of the unbonded textile, a 20
mm overlap was provided as shown in the sketch. Fig. 4b shows an
image of the specimens inside the furnace, which were arranged in pairs.
For temperature monitoring, one specimen of each series was instru-
mented with three thermocouples connected to a computer-controlled
data acquisition unit. Thermocouple A was placed adhered to the
mortar matrix of the TRM, thus measuring the air temperature inside the
furnace. Additionally, thermocouples B and C were installed next to the
unbonded textile inside the thermal insulation, in order to register the
maximum temperature reached by the meshes. The furnace was pro-
grammed at an increasing heating rate of 10 °C per minute until the
target temperature was reached, remaining constant for 1 h. The heating
rate and exposure time of samples was the same as that considered in

1. Masonry specimen

2. TRM bonded area

3. Unbonded textile face 1

4. Unbonded textile face 2

5. FRP reinforcement for
gripping area
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Fig. 3. Production of specimens: (a) TRM installation process on the masonry substrate; (b) geometry and dimensions scheme.
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Table 5

Summary of experimental campaign and nomenclature of specimens.
ID Textile Matrix mortar Temperature (°C) B (mm) L (mm) Samples
C20-150 C MC 20 100 150 3
C20-250 250 3
C200-150 C MC 200 100 150 3
C200-250 250 3
C400-150 C MC 400 100 150 3
C400-250 250 3
G20-150 G MG 20 100 150 3
G20-250 250 3
G200-150 G MG 200 100 150 3
G200-250 250 3
G400-150 G MG 400 100 150 3
G400-250 250 3
Total samples 36

-

. Thermal insulation:

mineral wool + high temp.
aluminum foil tape

Unbonded textile

TRM bonded area

. Masonry specimen \

N

Thermocouple C

Thermocouple B

Thermocouple A

(a)

SIDE VIEW

Fig. 4. Exposure of samples to high temperature: (a) thermal insulation scheme and thermocouples arrangement; (b) image of the specimens inside the furnace.

[41], and very similar to that defined in other similar works [49]. Once
the programmed heating cycle was completed, the furnace was switched
off and the specimens were kept inside for 24 h until reaching the
ambient temperature of the laboratory; consequently, the bond tests
were carried out with the samples at room temperature in all cases.
Fig. 5 shows the temperature curves recorded by the three thermocou-
ples in the different series studied. As can be seen, in the specimens
exposed to 400 °C the meshes did not reach the temperature of 200 °C at
any time. In turn, in the specimens exposed to 200 °C, the fabrics un-
derwent maximum temperatures of 100 °C, approximately. In view of
the results obtained, and taking into account the behavior of the bare
textiles at these temperature levels (Fig. 2 and Table 3), it might be
concluded that the meshes were sufficiently protected with the thermal

500
C200-A
C200-B
400 €200-C
5 —— C400-A
S 300 7 Caooc
R B N C400-C
s
2 500
g
o
F
100
0
o2 346
Time (h)

insulation solution adopted.

Finally, as mentioned in the precedent paragraph, the bond tests in
this research were performed 24 h after exposure to high temperatures,
i.e., the samples were tested at room temperature. In this regard, it
would be worthwhile to analyze the TRM-to-masonry bond on the
samples tested at the target temperature. To the authors’ knowledge,
this effect has hardly been explored so far and only two studies have
reported data on this topic [45,50]. However, the maximum tempera-
ture reached in these studies was 120 and 80 °C, respectively, which is
far from the exposure levels used in the present work. Obviously, to
perform these tests, a thermo-mechanical machine (i.e., a press equip-
ped with a furnace which can simultaneously generate the mechanical
and thermal loadings) is required. Further research on this issue will be

500

400

300

200

Temperature (°C)

100

Time (h)

Fig. 5. Temperature curves recorded on the exposed surface of TRMs (thermocouple A) and on textiles inside the thermal insulation (thermocouples B and C).



L. Estevan et al.

of interest in the future.
2.3. Test setup and instrumentation

To characterize the TRM-to-substrate bond behavior a single-lap
shear setup was designed, in accordance with RILEM TC 250-CSM
[13]. Fig. 6 shows an image and a front and side scheme of the test
setup. The masonry prism was inserted between two 15 mm thick steel
plates and was secured in place by four 12 mm diameter threaded rods.
The free end of the unbonded textile, provided with FRP reinforcement
as explained above, was anchored between two 10 mm thick steel plates
with six screws of 10 mm diameter. These plates were connected to the
test rig by means of a pin to release the rotation, thus compensating for
slight eccentricities or centering errors of the specimens. The tests were
carried out on an electric press equipped with a 20 kN capacity load cell,
programmed under displacement control at a constant speed of 0.3 mm
per minute. Prior to each test, a preload of 0.25 kN was applied to
slightly put the mesh in tension and to verify its proper alignment with
the vertical axis of the press.

Two LVDTs bolted to an 8 mm thick steel plate were used to record
the deformations, as shown in Fig. 6. These LVDTs reacted against an
aluminum L-shaped profile (each side of the L. was 30 mm long and 2 mm
thick), that had been attached to the mesh using an epoxy resin 24 h
prior to each test. The deformations were recorded using an HBK
QuantumX MX1615B data acquisition system, programmed at a sam-
pling rate of 2 Hz.

3. Results and discussion

This section presents and discusses the experimental results,
analyzing the failure modes obtained and the bond behavior as a func-
tion of the exposure temperature. The discussion is completed with a
comparative study with the few similar investigations published to date.

3.1. Failure modes
The classification proposed by the Italian guide CNR-DT 215/2018

[35] is followed for the identification of the failure modes obtained.
These failures depend both on the properties of the supporting substrate
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and on the characteristics of the TRM used, and usually match the modes
represented in Fig. 7. Basically, the failure may occur by debonding: (A)
with cohesive failure of the substrate; (B) at the matrix-to-substrate
interface; or (C) at the textile-to-matrix interface. Textile slippage with
respect to the matrix may also occur: (D) without mortar cracking; or (E)
with cracking of the outer layer of mortar. Finally, another frequent
failure mode is due to tensile rupture of the textile, usually out of the
bonded area (F). A more detailed discussion of the different failure
modes listed can be found, for example, in reference [12].

Fig. 8 shows an example of the failure modes obtained in the 12
series tested. It is important to note that only the tensile rupture of the
fabric (failure mode F) occurred in the C20-250 (Fig. 8b) and G20-250
(Fig. 8d) series, whereas in the rest of the cases the meshes were cut
manually after each test to facilitate the visualization of the specimens.
By first analyzing the response of the TRM at room temperature, it was
observed that the failure mode depended directly on the adopted bond
length (L), both with carbon fiber and glass fiber meshes. When length L
was sufficient, tensile failure of the mesh would occur, as mentioned
above, while the mortar matrix remained intact in all cases (Fig. 8b and
d). In case of insufficiently anchored meshes, either the mesh slipped
away from the matrix, which remained intact (failure mode D, Fig. 8a)
or the outer mortar layer broke (failure mode E, Fig. 8c), depending on
the TRM used. It may therefore be concluded that it is very important to
provide the meshes with a sufficient anchorage length, if the mechanical
capacity of the fibers is to be fully exploited. In this sense, the bond
length proposed in this work (L = 250 mm) was consistent with the
recommendations of ACI 549.6R-20 [36], which establishes a length of
200 to 250 mm, or RILEM TC 250-CSM [13], where it is indicated that
bond lengths shorter than 250 mm may be insufficient and are therefore
not recommended.

After exposure to 200 °C, it was found that failure occurred either by
slippage of the meshes in all the series, with the matrix intact in case of
the carbon fiber fabrics (failure mode D, Fig. 8e and f) or with cracking
of the outer layer of mortar in case of the glass fabrics (failure mode E,
Fig. 8g and h). The fundamental difference with respect to the series
tested at 20 °C lies in the fact that the fibers were not able to fully
develop their tensile strength even if they were properly anchored, since
the bond between the fabric and the mortar would appear to be
compromised at this temperature level. As for TRM with L = 150 mm, it
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Fig. 8. Failure modes obtained in all series (meshes were cut manually after testing, except in case of textile tensile failures).

can be seen that the failure modes were exactly the same as those
exhibited by the series tested at 20 °C, although greater deterioration of
the outer mortar layer was observed in the G200-150 series (Fig. 8g).
Finally, in the series exposed to 400 °C, a drastic change in the failure
mode of the carbon fiber TRM was observed, producing the debonding
of the mortar matrix from the brick substrate at very low load levels, and
independently of the bond length adopted (failure mode B, Fig. 8i and j).

These results are consistent with the conclusions of a previous investi-
gation with the same materials [41], where it was found that the MC
mortar suffers a strong loss of mechanical properties at 400 °C and
above, basically due to the presence of synthetic fibers and polymers in
its composition. It can be concluded, therefore, that TRM completely
loses all its bonding capacity at these temperature levels. In turn, it was
observed that the failure modes of the glass fiber TRM were similar to
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those obtained at 200 °C, although the outer layer of the mortar matrix
tended to exhibit greater deterioration. Moreover, a darkening and a
certain degradation of the polymer coating of the mesh was perceived
(Fig. 8k and ). In this regard, it should be mentioned that the MG mortar
preserved its mechanical properties relatively intact at 400 °C [41].

3.2. Stress-slip relationship and bond capacity

The results of the bond tests are shown in Fig. 9 corresponding to all
the specimens studied. In these graphs the axial stress (on the y-axis) was
obtained as the applied load divided by the cross-section area of the
load-aligned fibers of the textile (Table 2), i.e., 3.84 mm? (8 yarns in
mesh C) and 4.56 mm? (3 yarns in mesh G). With respect to slip (on the
x-axis), it was calculated as the average of the displacements measured
by the two LVDTs [13]. The experimental results are summarized in
Table 6 as follows: peak load (F,) and peak axial stress (fp); textile tensile
strength (fy); exploitation ratio (n = fy / f); mean ultimate shear stress at
the composite-to-substrate interface (tpy), calculated as the peak load
divided by the bonded area (B x L); peak slip (sp), i.e., slip corresponding
to the peak axial stress; and failure mode obtained in each series, as
described in previous section. Regarding the definition of the exploita-
tion ratio, there is no clear consensus among the different published
investigations: some authors obtain it with respect to the tensile strength
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of the fibers [14,21,23,26-28,49], others with respect to the axial stress
derived from tensile tests on TRM coupons [12,16,17,29,44], or even
using both approaches [15,19,32]. In this work, the tensile strength of
the fabric (fy) is adopted for each temperature level considered (Table 3),
which is presented as a dashed line in the graphs of Fig. 9, to facilitate
the visualization of the exploitation ratios obtained.

At room temperature (Fig. 9a and b), it was observed that TRM with
sufficient bond length exhibited an approximately linear response and
sudden breakage (failure mode F) at stress close to the tensile strength of
the fabric, with n = 0.84 (C) and n = 0.88 (G). Hence, it would mean that
the mechanical capacity of the meshes might be almost fully exploited
under these conditions. The linear behavior was much more evident
with the glass fiber meshes, while the carbon fiber meshes suffered the
rupture of some fibers during the course of the test at stresses above
2000 MPa, which resulted in a more or less pronounced staggering in the
stress-slip curves. As for the meshes with L = 150 mm, it was observed
that the curves displayed a very different response, due to the slip of the
fibers with respect to the mortar matrix (failure modes D-E). Further-
more, this case revealed a post-peak phase characterized by a somewhat
steeper downward curve with the carbon fiber specimens. The exploi-
tation ratios seem to indicate that the meshes work at approximately
half their mechanical capacity, namely n = 0.46 (C) and n = 0.50 (G).
Thus, it is appropriate to insist again on the idea of providing a sufficient
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Fig. 9. Stress-slip curves for all samples tested.
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Table 6

Experimental results from bond tests (coefficients of variation in parentheses).
D Fy, (kN) fo (MPa) fi (MPa) n=f/ft Tpm (MPa) sp (mm) Failure mode
C20-150 5.06 (20.3 %) 1319 2894 0.46 0.34 1.81 (17.0 %) D
C20-250 9.29 (7.9 %) 2419 0.84 0.37 2.86 (25.4 %) F
C200-150 5.41 (18.7 %) 1408 2927 0.48 0.36 1.43 (11.9 %) D
C200-250 7.03 (5.7 %) 1831 0.63 0.28 1.69 (2.7%) D
C400-150 1.54 (20.0 %) 401 2501 0.16 0.10 1.34 (30.3 %) B
C400-250 1.59 (16.5 %) 413 0.17 0.06 1.43 (30.2 %) B
G20-150 3.20 (15.2 %) 704 1397 0.50 0.21 1.36 (13.4 %) E
G20-250 5.58 (5.8 %) 1225 0.88 0.22 3.01 (3.5 %) F
G200-150 2.38 (3.6 %) 522 1401 0.37 0.16 1.00 (29.9 %) E
G200-250 3.68 (7.9 %) 808 0.58 0.15 1.86 (24.0 %) E
G400-150 1.58 (5.6 %) 348 374 0.93 0.11 0.51 (25.9 %) E
G400-250 3.97 (8.0 %) 872 2.33 0.16 2.08 (18.6 %) E

anchorage length of the meshes to optimize the bond capacity of the
TRM on the brick substrate.

After exposure to 200 °C (Fig. 9c and d), it was found that the carbon
fiber meshes exhibited approximately the same behavior, regardless of
the bond length adopted. The curves indicated a linear response up to
the peak stress, beyond which a post-peak phase similar to that observed
in the C20-150 series, as a consequence of the textile slippage with
respect to the mortar matrix (failure mode D). The exploitation ratios,
between 0.48 and 0.63, denote a significant loss of bond at this tem-
perature level, even if the meshes had been correctly anchored. With
respect to the glass fiber fabrics, the bond length seemed to have a
greater impact, with coefficients n = 0.37 (G200-150) and n = 0.58
(G200-250). The curves again showed a descending branch after the
peak stress, due to fiber slippage with progressive cracking of the outer
layer of the mortar matrix described in the previous section (failure
mode E). Thus, it may be inferred that although the tensile strength of
the bare textiles at 20 or 200 °C did not show any difference (Table 3,
Fig. 2 and Fig. 9), this temperature level did compromise the bond ca-
pacity between the fibers and the mortar matrix, significantly reducing
the effectiveness of the TRMs studied.

As regards the series subjected to 400 °C (Fig. 9e and f), the large
difference observed between the carbon and glass fiber meshes was
striking. In the first case, the curves reflected the debonding of the
mortar matrix from the brick substrate at very low stresses (failure mode
B). It would seem evident that the result is independent of the anchorage
length adopted. It can be concluded, as previously mentioned, that the
TRM completely lost all its bond capacity at this temperature level.
Considering this, it could be interesting to study the possibility of
including connectors between the TRM and the substrate, an aspect that
lies outside the scope of this paper and that is proposed as a possible line
of investigation for future research. With respect to the glass fiber
meshes, the response was very similar to that identified in the series
exposed at 200 °C, with the same failure mode E described above.
Nevertheless, it should be noted that in the fully anchored meshes an
abnormally high exploitation ratio (1 = 2.33) was measured, when
compared to the tensile strength of the bare textile subjected to 400 °C
(Fig. 2 and Table 3). A possible explanation for this is that these meshes
were deeply damaged when directly exposed to this temperature level,
resulting in the complete degradation of the polymer coating of the fi-
bers. However, the effect of embedding the fabric in the mortar matrix
and subsequently exposing the TRM on just one side by adhering it to the
brick substrate, would allow relative protection of the meshes from the
heat and, therefore, less real degradation (Fig. 8k and 1).

To analyze the effect of temperature on the bond behavior of the
studied TRMs, Fig. 10 shows the evolution of peak stress (fy,), peak slip
(sp) and exploitation ratio (1), in terms of normalized residual values, for
the three temperature levels considered in this work (20, 200 and
400 °C). In the series subjected to 200 °C, leaving aside the particular
case C (L = 150 mm) that presented some anomaly, a good homogeneity
in the results was observed. The losses range between 24% and 34% (f},),

between 26% and 41% (sp) and between 25% and 34% (n). It may
therefore be assumed that the TRMs retained a significant portion of
their bond capacity at this temperature level. At 400 °C, however, the
results showed greater dispersion. In terms of peak stress, the 83%
decrease suffered by the C series (L = 250 mm), which lost practically all
its bond strength, is particularly noteworthy. In contrast, the G series (L
= 250 mm) exhibited better behavior and the loss (29%) was even lower
than that obtained at 200 °C. Therefore, it seems that in this case the
TRM did retain a good portion of its bond capacity at this temperature.
With respect to the peak slip, a greater homogeneity was observed, with
reductions between 26% and 62%. Finally, as regards the exploitation
ratio 1, the maximum decrease suffered by the carbon fiber meshes
(80%) differs from the notable increase registered in the glass meshes,
although this increase is mainly attributed to the way in which the co-
efficient had been estimated, as mentioned above. It should be noted
that the improvement of mechanical properties of the TRM with glass
fiber meshes after exposure to high temperatures had already been
observed in tensile coupons tested with the same materials [41]. This
improvement usually occurs with polymer-coated meshes, in which the
bond between the fibers and the mortar matrix is increased when the
coating is softened by the effect of heat (in the dry carbon fiber mesh
used in this work this effect was not found).

Finally, to easily visualize the correlation between the failure modes
obtained and the results from bond tests, the relationship between peak
stress (f) and peak slip (sp) for carbon (Fig. 11a) or glass (Fig. 11b) fiber
meshes is plotted, identifying the failures presented in Section 3.1.
Regarding the carbon fiber meshes, the maximum stress and slip peaks
(2500 MPa and 3 mm, approximately) are obtained for the C20-250
series, in correspondence with the tensile rupture of the fibers (failure
mode F). As for the C20-150 series and the specimens subjected to
200 °C, a clear loss of efficiency was observed, with peak stresses be-
tween 1000 and 2000 MPa, and peak slips in the range of 1 to 2 mm, the
failure being due to slippage of the fibers with respect to the mortar
matrix (failure mode D). At 400 °C, the TRM can be considered to have
lost almost all its bonding capacity, with maximum stresses below 500
MPa and failure due to debonding at the textile-to-matrix interface
(failure mode B). With respect to the glass fiber meshes, it can be seen
how the maximum stress and slip peaks (1250 MPa and 3 mm,
approximately) are again obtained in the G20-250 series, with tensile
rupture of the fibers (failure mode F). In the rest of the series, collapse
was produced by slippage of the fibers with cracking of the outer layer of
the mortar matrix (failure mode E), and it was clearly observed how
bond was dramatically reduced in the case of insufficiently anchored
meshes.

3.3. Comparison with other studies

Finally, it is deemed appropriate to compare the experimental results
presented in the previous sections with those reported in other similar
investigations. As explained in the introduction, published works on the
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bond capacity of TRM on brick substrates after exposure to high tem-
peratures are scarce at the present time, so the available information is
limited. For comparison, the investigations of Mauroudas and Papani-
colaou [44], Ombres et al. [46], Iorfida et al. [47] and Askouni et al.
[49] have been selected. Two other papers in this line have been left out
of the study, as the temperature ranges adopted are relatively low:
Donnini et al. [45] and Ferretti et al. [50], with maximum exposure
temperatures of 120 and 80 °C, respectively. Another similar research
published by Askouni et al. [48] has not been considered either, as the
maximum temperature level is 200 °C, compared to 400 °C in the
selected reference [49]. Table 7 summarizes the main characteristics of
the materials used in these works, and the values of peak stress (or peak

Table 7
Summary of experimental campaigns in other studies.

load) as a function of the different temperatures reported. It should be
noted that variable bond lengths are involved in some of the selected
studies. In these cases, only the length closest to the one used in the
present investigation for sufficiently anchored meshes (L = 250 mm) has
been considered, as specified in Table 7. Masonry prisms made of clay
bricks were used to simulate the substrate in all cases.

Fig. 12 shows the bond drops registered in this study, for both carbon
and glass fiber meshes, together with those reported in the different
works considered, as a function of the exposure temperature. The
analysis has been made in terms of normalized residual peak stress (or
peak load). Obviously, this comparison should be considered basically in
qualitative terms and with caution. As discussed in previous sections,

D Ref. Mortar matrix Textile (weight) ~ Bond length Peak stress (MPa) or peak load (kN) *
(mm)
20°C 100°C 150°C 200°C 300°C 400°C 500 °C
Maroudas and [44] Cement-based mortar, polymers and fibers Glass (320 g/m?) 250 3.89 226 - 2.38 1.48 - -
Papanicolaou
Ombres et al. (I) [46] Hydraulic lime mortar and polymers Basalt (200 g/m?) 300 882 864 809 766 - - -
Ombres et al. (1) [46] Hydraulic lime mortar and polymers Basalt (400 g/m?) 300 475 333 270 251 - - -
Ombres et al. (III) [46] Cement based mortar PBO (44 g/m?) 300 2320 2020 1770 1520 - - -
Torfida et al. (I) [47] Fiber-reinforced inorganic matrix Carbon (168 g/ 300 1324 985" - - 844"  _ 510°
m?)

Torfida et al. (II) [47] Mineral NHL mortar Basalt (200 g/m?) 300 1020° 791> - - 909" 265"
Torfida et al. (IIT) [47] Mineral NHL mortar Basalt (400 g/m?) 300 682" 501" - - 503"  — 232"
Askouni et al. (I) [49] Cement based mortar and fibers (normal Glass (300 g/m?) 250 378 - - 332 - 178 -

weight)
Askouni et al. (II) [49] Cement based mortar and fibers (light weight) Glass (300 g/m?) 250 391 - - 321 - 182 -
Askouni et al. (III) [49] Alkali activated mortar and fibers (normal Glass (300 g/mZ) 250 531 - - 428 - 286 -

weight)
Askouni et al. (IV) [49] Alkali activated mortar and fibers (light Glass (300 g/m?) 250 561 - - 415 - 246 -

weight)

@ Peak stress in all cases except for Maroudas and Papanicolaou, where only peak load is provided.
b Approximate values measured from a figure, as no table of results is available in the paper.
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aspects such as the composition of the mortars or the coating of the
fabrics may significantly affect the results. A rigorous comparison would
only be valid between TRMs with identical composition, and tested
under the same conditions. As can be seen, the results show an accept-
able homogeneity at moderate temperatures (up to 200 °C). As discussed
in previous section, bond drops at this exposure level range from 24%
(C) to 34% (G), and these results fall in the average of the decreases
reported by the rest of the investigations. However, at higher tempera-
tures it becomes evident that the dispersion of the results increases
considerably. At 400 °C the bond drop obtained with the carbon fiber
meshes (83%) is much more pronounced than those registered in other
studies. This loss is undoubtedly due to debonding at the matrix-to-
substrate interface (Failure B) at very low stress levels, as explained in
previous sections. The TRMs with glass fiber meshes, on the other hand,
seem to retain a good part of their bond capacity at this temperature and
the drops obtained (29%) are lower than those presented in other works.
The decreases reported by the only studies that reached these temper-
ature levels, Iorfida et al. [47] and Askouni et al. [49], range between
40% and 56% at 400 °C, respectively.

Finally, it should be noted that the failure modes reported in the
different selected works are highly variable and no clear pattern of
behavior emerges. Normally, failure occurs by slippage of the fibers with
respect to the mortar matrix (failure mode D) or rupture of the fibers
outside the bonded zone (failure mode F), while debonding at the
matrix-to-substrate (failure mode B) has only been reported in the work
of Mauroudas and Papanicolaou [44]. It is important to note that, in
most of the cases studied, failure modes did not depend on the level of
exposure temperature. The only series in which variable failure modes
have been reported with increasing temperatures are Mauroudas and
Papanicolaou, Ombres et al. (III) and Iorfida et al. (III). Further research
would be necessary in the future to establish predictable behavior pat-
terns because, as mentioned above, the information available at present
is very scarce on this topic.

4. Conclusions

This paper has analyzed the influence of temperature on the bonding
capacity of different TRM solutions applied on solid clay bricks sub-
strates. Dry carbon fiber textiles (C) and polymer-coated glass fiber
textiles (G), with different hydraulic lime mortar matrices, were tested.
Two different bond lengths (150 and 250 mm) were considered, and the
exposure temperature levels were 20, 200 and 400 °C. The main con-
clusions drawn from the study are as follows:

e At 20 °C, the behavior of the TRMs studied depends largely on the
bond length adopted, as expected and as reported in other studies. In
sufficiently anchored meshes, the failure occurs by tensile rupture of
the fibers and the textiles can be practically fully exploited. For
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insufficient bond lengths, failure occurs by slippage of the fibers with
respect to the mortar matrix, and the textiles work at approximately
half of their capacity. It can therefore be concluded that it is essential
to provide the meshes with a sufficient anchorage length to fully
exploit their mechanical capacity.

e At 200 °C all the series studied fail by slippage of the meshes with
respect to the mortar matrix, regardless of the bond length adopted.
The fundamental difference with respect to the series tested at 20 °C
lay in the fact that the fibers cannot fully develop their tensile
strength even if they have been properly anchored. The bond be-
tween the fabric and the mortar seems to be compromised at this
temperature level. However, it should be noted that the TRMs
analyzed retain a substantial portion of their bonding capacity at
200 °C, since losses range from 24% (C) to 34% (G).

o The failure mode of TRMs with carbon fibers undergoes a radical
change at 400 °C, temperature at which debonding of the mortar
matrix from the brick substrate occurs, at very low stresses and
regardless of the bond length adopted. Therefore, it can be concluded
that the TRM practically loses all its bond capacity under these
conditions, probably due to the influence of temperature on the
synthetic fibers and polymers in the mortar composition. With
respect to the glass fiber meshes, the failure mode is similar to that
described for the series exposed to 200 °C. The bond strength loss is
of the same order (29%), so that in this case it seems that the TRM is
able to retain much of its capacity.

To prevent debonding failure at the matrix-to-substrate interface as

described in the previous point, it could be interesting to explore the

possibility of introducing connectors to anchor the TRM to the brick
substrate. This aspect is beyond the scope of this paper and is pro-
posed as a possible line of investigation for future studies.
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