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ARTICLE INFO ABSTRACT

Keywords: Although one of the main advantages of Textile Reinforced Mortars (TRM) is their non-combustible character,

TRM their behavior against fire or high temperatures has not been sufficiently studied at present. This work analyzes

F]?‘CM the behavior of different commercial systems containing inorganic mortars and fabric reinforcements based on

?;ii{;::ﬁ:;;‘:e glass, carbon and basalt fibers, subjected to different temperature levels. To characterize the mechanical response

Non-destructive testing of the different systems, non-destructive tests have been carried out to determine the dynamic modulus of
elasticity of the different materials, and subsequent destructive tests to determine their strength and stress-strain
relationship. For this purpose, the TRM coupons have been subjected to uniaxial tensile tests and the de-
formations have been monitored using LVDT (Linear Variable Displacement Transducer) sensors and DIC (Digital
Image Correlation), in order to evaluate cracking patterns and failure modes. The results show, in general terms,
that the mechanical capacity of these materials is seriously compromised at temperatures in the order of 400 to
600 °C, which can easily be reached during a fire inside a building. Therefore, it can be concluded that although
these systems are erroneously perceived as fire resistant in many cases, they may require additional protection
depending on the specific use for which they are intended.

1. Introduction

The application of composite materials in the field of structural
repair and retrofitting has focused the attention of the scientific com-
munity during the last decades. Fiber Reinforced Polymers (FRP) have
been successfully used in a wide range of projects and have been the
target of a great deal of research [1]. However, these systems present
some drawbacks, including the following: (i) the cost of the materials is
relatively high compared to other reinforcement solutions; (ii) their
application can pose challenges in the presence of moisture; (iii) the
reduced permeability to water vapor may have deleterious effects in the
frequent case of walls or columns affected by soil-induced-dampness, for
example; (iv) in many cases there are incompatibilities with the base
substrate, e.g., in the case of stone or masonry walls with rough finishes;
(v) the application of these products is generally irreversible, which can
be a serious disadvantage in interventions on buildings of historical or
architectural value; (vi) the great sensitivity of epoxy resins to temper-
ature means that the fire resistance of these materials is very low. These
disadvantages can, in part, be solved by replacing the organic matrices
with inorganic matrices, usually in the form of mortars. In this way,
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Textile Reinforced Mortars (TRM), also known in the scientific literature
as Fabric Reinforced Cementitious Matrix (FRCM), have been developed
in recent years [2,3]. These systems basically consist of the incorpora-
tion of one or more layers of fabrics in the form of meshes of glass,
carbon, basalt, aramid or steel fibers (among other materials) inside a
cementitious matrix, although other types might be used, such as hy-
draulic lime mortars.

The application of TRMs has been successfully used in recent years
for the reinforcement of all types of structural elements. In case of stone
or masonry structures, its effectiveness has been demonstrated for the
reinforcement of walls [4,5], the confinement of columns [6,7] or the
intervention in arches or vaults [8,9], among other purposes. Regarding
concrete structures, their capacity has been analyzed mainly for the
flexural reinforcement of beams or slabs [10,11], shear reinforcement
[12] or columns confinement [13,14]. These and many other studies
have led to the development of design guidelines for the practical
application of this type of reinforcement, which, at present, are basically
limited to the North American ACI 549.4R-20 [15] and the Italian CNR-
DT 215/2018 [16].

Despite the advantages offered by TRMs, it is important to note that
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the adhesion between the fibers and the inorganic matrices is not as
effective as in the case of FRP epoxy resins. The mortars cannot pene-
trate between the fibers and fully impregnate them, as the particle size is
too large to occupy the space between the filaments. The consequence of
this effect is that stress transfer between the matrix and the fibers is not
uniform, resulting in what is commonly known as “telescopic failure”, i.
e., relative slip without perceptible damage: the outer fibers, where
bond stress is greatest, break and the inner fibers, which remain rela-
tively free, slip. This behavior can be improved, in part, by pre-
impregnating the meshes with epoxy resin or other products before
embedding them in the mortar matrix [17,18].

For the mechanical characterization of TRMs, rectangular coupons
are typically used and tested in uniaxial tension according to the in-
dications of the AC-434 guide [19] and the recommendations of RILEM
TC 232-TDT [20]. During the last years, many interesting Round Robin
tests have been carried out with extensive experimental campaigns and
the involvement of different European laboratories: Carozzi et al. [21]
studied different types of carbon fiber textiles and lime or cement-based
matrices enriched with a low content of polymers; Leone et al. [22]
proposed a similar investigation, using glass fiber fabrics and different
types of mortars; in the case of Lignola et al. [23] they worked with
basalt fiber fabrics. Other relevant works with different fabrics and
matrices are, among others, those published by Caggegi et al. [24],
D’Antino and Papanicolaou [25], Li et al. [26] and Hojdys and Krajewski
[27]. Regarding the control of deformations in tests, in most experi-
mental campaigns traditional measurement techniques are used, usually
by means of LVDTs. However, it has been found in some works that
monitoring through Digital Image Correlation (DIC) can increase the
accuracy of the results and provide complementary information of great
interest related to cracking patterns or failure modes [28,29].

To summarize all these studies, it can be assumed that the tensile
behavior of TRMs essentially follows three distinct phases: (i) in the first
phase of the test the mortar matrix remains uncracked and the slope of
the stress-strain curve corresponds to the gross modulus of elasticity of
the TRM, which could be estimated considering the equivalent homog-
enized section (matrix + fibers); (ii) the cracking of the matrix marks the
beginning of the second phase, during which new cracks develop, whose
number and spacing essentially depend on the properties of the fabric
and its ability to adhere to the mortar; in this second phase the strains
exhibit a significant increase, with very limited impact on the tensile
stress, so that the modulus of elasticity is significantly reduced (in fact,
this second branch of the stress-strain diagram is often idealized as a
horizontal line, hence with a modulus equal to zero); and (iii) once the
cracking of the matrix is fully developed, the stresses are transferred
entirely to the textile material, resulting in an approximately linear final
branch, whose slope is characterized by the stiffness of the fibers used. It
is important to note, however, that in many cases and depending on the
materials used, these three phases cannot be clearly distinguished from
one another [30]. In terms of failure modes, three different types are
usually observed: (a) fibers rupture in the central zone of the specimen;
(b) fibers rupture in the vicinity of the anchorage zones; and (c) fibers
slippage with respect to the mortar matrix, usually near the anchorage
zones. The response of the TRM and the types of failure are usually
associated with the anchorage system of the specimens to the test press,
so some reports that specifically analyze this effect are therefore of in-
terest [31].

In terms of the behavior of TRMs exposed to elevated temperatures,
it seems clear that these materials offer better performance than FRPs,
whose organic resins are extremely sensitive to heat and require specific
protection against fire. The inherent non-combustible nature of inor-
ganic mortars would imply that, a priori, they might be used without
additional protection [32]. Nevertheless, little is currently known about
the behavior of these materials exposed to high temperatures or under
fire conditions, given the fact that relevant experimental results are
scarce [33]. Regarding the tensile behavior of TRMs exposed to high
temperatures -which is the main objective of this research- one of the
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first published works is that of Colombo et al. [34], who studied speci-
mens with glass fiber meshes subjected to temperature levels of 200, 400
and 600 °C, and were able to prove that the material retains its prop-
erties at 200 °C, suffers a serious deterioration at 400 °C and loses all its
mechanical capacity at 600 °C. De Andrade et al. [35] worked with
carbon fibers (dry and pre-impregnated with polymers in aqueous sus-
pension) and temperatures up to 600 °C. In the case of dry fibers, the
first signs of deterioration were observed at 400 °C, obtaining a signif-
icant degradation at 600 °C. However, in the case of pre-impregnated
fibers, although significant improvements were obtained up to 150 °C,
the material suffered a significant loss for higher temperatures and was
seriously damaged at 400 °C. This was attributed to the decomposition
of the polymer by the effect of heat. In the works of Rambo et al. [36,37],
basalt fiber meshes and temperature levels up to 1000 °C were used,
obtaining similar results to the previous ones, with significant drops in
strength over 400 °C and the material practically unusable at 600 °C. On
the other hand, these studies provided an interesting analysis of the
evolution of the cracking pattern of the specimens with increasing
temperature by means of DIC. Donnini et al. [38] used carbon fiber
meshes, dry and pre-impregnated with epoxy resin and quartz sand,
although in this case the maximum exposure temperature was only
120 °C. Nonetheless, this temperature was sufficient to significantly
degrade the material if the test was performed with hot specimens (in
the case of pre-impregnated specimens), whilst other specimens kept
their capacity if allowed to cool down and be tested at room tempera-
ture. In the case of Messori et al. [39], they worked with fiberglass
meshes pre-impregnated with epoxy resin and temperatures up to
250 °C and found that the loss of mechanical properties of the material
was not as severe as in other reported studies. The investigations by
Nguyen et al. [40], Tlaiji et al. [41] and Homoro et al. [42] are also
interesting. In these works, a press equipped with an oven was used, so
that the uniaxial tensile test of TRMs was performed at the desired
temperature. It should be noted that the size of the specimens was small,
given the dimensions of the oven used. In all cases, glass fiber fabrics and
temperature levels up to 600 °C were tested. Finally, in a recently
published study by Dinh et al. [43], carbon fiber meshes were used, with
a mortar matrix reinforced with metallic fibers. The exposure temper-
atures were up to 400 °C. It is interesting to see how the inclusion of
fibers in the matrix was beneficial and increased the mechanical ca-
pacity of the TRM, even in those series subjected to maximum temper-
atures, thus being able to control the cracking of the mortar.

After analyzing the most recent publications on the behavior of TRM
systems previously damaged by exposure to elevated temperatures, a
lack of experimental studies and research in this field has been detected.
In this context, the aim of this work is to analyze the degradation of the
mechanical behavior of TRM systems after exposure to elevated tem-
peratures. For this purpose, an extensive experimental campaign of both
non-destructive and destructive tests has been carried out on different
commercial systems with glass, carbon and basalt fiber meshes, different
inorganic mortars and exposure temperatures up to 600 °C. This value of
the maximum exposure temperature has been chosen because it has
been shown that the mechanical capacity of these materials is severely
compromised at this temperature range.

The present article has been structured in the following sections:
Section 2 presents the materials studied and the description of the
experimental campaign carried out; Section 3 shows the results obtained
and their discussion, in terms of the degradation produced by the high
temperatures on (i) the dynamic modulus of elasticity of the materials,
(ii) the flexural and compressive strengths of the mortars, (iii) the stress-
strain relationship of the different TRM systems, and (iv) the failure
modes and crack distribution on the TRM specimens. Section 3 also
includes a comparison of the results obtained in this investigation with
the results of several relevant studies carried out by other authors.
Finally, Section 4 highlights the main novel aspects contributed by the
present study and shows the main conclusions obtained.
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Fig. 1. Detail of the four meshes used: (a) Mapenet EM40 (glass); (b) Mapegrid G220 (glass); (c) Mapegrid C170 (carbon); (d) Mapegrid B250 (basalt).

Table 1
Properties of the meshes (values provided by the manufacturer).
Mesh A Mesh B Mesh C Mesh D
Product reference Mapenet Mapegrid Mapegrid Mapegrid
EM40 G220 C170 B250
Type of fiber Glass Glass Carbon Basalt
Mesh size (mm) 40 x 40 25 x 25 10 x 10 6 x6
Weight (g/m?) 270 225 170 250
Load-resistant area 35.82 35.27 48 38.91
(mm?/m)
Tensile strength 56.25 45 240 60
(kN/m)
Tensile strength 1570 1276 5000 1542
(MPa)
Modulus of 33 72 252 89
elasticity (GPa)
Elongation at 4 1.8 2 1.8

failure (%)

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

2. Materials and methods
2.1. Textiles, mortars and TRM specimens

Four different types of fabrics have been used in this study, all of
them provided by Mapei. Two of them are polymer-coated alkali resis-
tant (AR) glass fiber meshes (Mapenet EM40 and Mapegrid G220).
Another one is a high-strength carbon fiber mesh (Mapegrid C170).
Finally, the fourth one is a primed-AR basalt fiber mesh (Mapegrid
B250). In the following sections, these materials are referred to as A, B, C
and D, respectively. Fig. 1 shows a detail of the different meshes used
and Table 1 summarizes their main characteristics and mechanical
properties, according to the manufacturer’s specifications. In the
particular case of Mapegrid C170 mesh, it should be noted that the
tensile strength reported by the supplier seems to be too high for a
carbon textile. Analyzing other studies with similar meshes, it has been
found that the ultimate stress obtained experimentally is about 40%
lower than the value provided for the individual filament [31,38]. The
difference is basically due to the unavoidable unevenness in the stress
distribution among the fiber bundles in the tests on fabric strips.

Regarding the mortars, two different types have been used, also
supplied by Mapei: (i) MapeWall Render & Strengthen (for mesh type A),
which is a ready-mixed mortar made from natural hydraulic lime,
reactive inorganic compounds, natural sand, special admixtures and
micro-fibers; and (ii) Planitop HDM Restauro (for meshes types B, C and
D), which is a two-component fiber-reinforced mortar composed by
hydraulic lime, Eco-Pozzolan, natural sand, special additives and syn-
thetic polymers in water dispersion. Both mortars are hereinafter
referred to as M1 and M2, respectively. In terms of their mechanical
properties, the manufacturer declares a minimum compressive strength
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Fig. 2. Production of TRM specimens.
Table 2
Experimental program summary.

Set Mesh Mortar Temperature exposure (°C) Samples
A20 A M1 20 4
A100 100 4
A200 200 4
A400 400 4
A600 600 4
B20 B M2 20 4
B100 100 4
B200 200 4
B400 400 4
B600 600 4
C20 C M2 20 4
C100 100 4
C200 200 4
C400 400 4
C600 600 4
D20 D M2 20 4
D100 100 4
D200 200 4
D400 400 4
D600 600 4
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Temperature (°C)

Fig. 3. Temperature exposure: (a) detail of specimen arrangement inside the
600 °C cycles.

of 15 MPa for both mortars and a modulus of elasticity of 10 GPa (M1)
and 8 GPa (M2), after 28 days.

The textile reinforced mortar (TRM) specimens were designed ac-
cording to the recommendations of AC434 [19] and RILEM TC 232-TDT
[20] and were manufactured in individual removable molds, as shown
in Fig. 2. The specimens were prismatic in shape, with a length of 500
mm, a width of 100 mm and a thickness of 10 mm. The indicated length
was established to define an anchorage zone of 100 mm at both ends and
to maintain a central measuring zone of 300 mm. The width was defined
to accommodate at least three fiber bundles for the mesh with the largest
size (mesh A). The manufacturing process basically consisted of three
stages: (i) placement of a first layer of mortar 4 or 5 mm thick uniformly
distributed over the mold; (ii) placement of the mesh, applying a slight
pressure and taking care that the fibers were perfectly aligned and
symmetrically centered in the mold; (iii) placement of the second layer
of mortar and flush with the upper face of the mold with the help of a
metal spatula. In all cases a single layer of reinforcement was used and,
of the four different fabrics used, only mesh C was pre-impregnated
before placement with the liquid phase of mortar M2, in order to
improve its bonding, and in accordance with the manufacturer’s rec-
ommendations. All specimens were demolded 48 h after fabrication and
cured at laboratory ambient conditions for 90 days before testing.

2.2. Experimental campaign and temperature exposure

A total of four TRM reinforcement systems have been studied. For
each TRM system, 20 specimens (coupons) were produced, so that they
could subsequently be damaged at different temperature levels. Table 2
summarizes the characteristics of all the series and the nomenclature
adopted: the first letter indicates the type of mesh (A, B, C and D) and
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furnace; (b) temperature curves recorded by thermocouples for the 200, 400 and

then the exposure temperature level is defined (20, 100, 200, 400 and
600 °C). Each series consists of four specimens, so the total number of
specimens manufactured is 80. Note that mesh A is applied with mortar
M1, while meshes B, C and D are combined with mortar M2.

The heat treatment was carried out in a programmable electric
furnace in batches of 8 specimens, as can be seen in Fig. 3(a), which
shows a detail of the arrangement of the specimens inside, supported by
refractory ceramic bricks. Heating was carried out at a constant rate of
10 °C/min until the target temperature (100, 200, 400 or 600 °C) was
reached, and maintained for one hour. The furnace was then switched
off and the specimens were cooled slowly for 24 h until they reached
approximately the ambient temperature of the laboratory. Various tests
had been carried out previously, measuring with thermocouples the
temperatures of the air inside the oven and also inside the coupons. For
this purpose, some sample specimens were drilled and thermocouples
were installed inside, which were subsequently sealed with refractory
mastic. Fig. 3(b) shows both temperature curves for the 200, 400 and
600 °C cycles. As can be seen, the differences at each temperature level
are negligible, given the reduced thickness of the coupons. All the tests
performed, as will be specified below, were carried out within a period
not exceeding 24 h after removal of the specimens from the furnace, in
order to minimize the risk of deterioration (especially in the specimens
exposed to 400 and 600 °C, which exhibited serious damage as will be
justified in Section 3).

2.3. Non-destructive tests

Non-destructive testing enables estimation of the mechanical prop-
erties of construction materials without the need to extract specimens in
situ, an aspect of vital importance when working, for example, in

Fig. 4. Non-destructive tests set-ups: (a) measurement of ultrasonic wave propagation on mortar samples; (b) sonic resonance tests on TRM coupons.
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buildings of historical or architectural value where this is generally not
possible. In this research, two types of non-destructive tests have been
performed to determine the dynamic moduli of elasticity (Egmn) of
mortars and TRM coupons, before and after exposure to the different
temperature levels indicated above (Table 2).

On the one hand, 15 prismatic specimens of 160 x 40 x 40 mm? were
prepared with both mortars used (M1 and M2), divided into series of
three specimens for each temperature level. The mortars were cured in
ambient laboratory conditions for 90 days before testing. The mortar
specimens were subjected to ultrasonic wave propagation tests accord-
ing to ASTM D2845-08 [44], for which a Proceq Pundit Lab + equipment
connected to a computer was used for data acquisition and processing.
Obtaining the dynamic modulus from this test implies the knowledge of
the real density of the mortar, so each mortar specimen was weighed on
a high precision balance to obtain these data. The tests were performed
along the axial direction of the specimens and an ultrasonic couplant
and a steel clamp were used to enhance sound transmission, as shown in
Fig. 4(a). Once the velocities of the compression (V,) and shear (V)
waves were determined, the dynamic elastic modulus was easily ob-
tained from Eq. (1), where p is the density of the mortar.

pV2(3v2—4av2)
V2 _ 2

P s

On the other hand, in all the TRM specimens (see Table 2), the
fundamental bending resonance frequency was determined according to
ASTM E1875-20a [45], before and after exposure to the different tem-
perature levels. Fig. 4(b) shows the general test setup, with the specimen
simply supported on two elastomers arranged at a distance of 0.224
times the length of the piece, measured from both ends. The Erudite
MKIV (PC1004) analyzer was used as excitation equipment, acting on
the center of the specimen. A PCB 333B50 accelerometer with 1 V/g
sensitivity, placed at one end of the specimen, as well as a Kyowa PCD-
320 acquisition system and a PCB 482A22 signal conditioner were used
as recording system. Once the fundamental bending resonance fre-
quency (f) was determined, and knowing the length (L), thickness (t),
width (b) and mass (m) of the specimen, the value of the dynamic
modulus of elasticity was obtained by means of Eq. (2).

_ mfi\ (L 1>
Ey = 0.9465 <b> (73) {1 +6.585 (Z) } @

Eqyn = (€8]
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(b)

Fig. 5. TRM tensile test set-up: (a) schematic view; (b) LVDT arrangement; (c) DIC monitoring.

2.4. Destructive tests

The same 160 x 40 x 40 mm?> mortar specimens that had been
subjected to the ultrasonic test -as explained in the previous point- were
tested immediately afterwards in flexure and compression according to
UNE-EN 1015-11:2020 [46]. For the bending test, a press equipped with
a 20 kN load cell was used, placing the specimens on two steel rollers
100 mm apart and applying the load in the center of the specimen at a
constant speed of 30 N/s. The maximum load applied was recorded, with
which the bending strength was determined as the average of the 3
specimens that make up each of the series tested. With the two resulting
halves of each specimen, the compressive strength was determined, for
which another testing machine equipped with a 200 kN load cell was
used. For the compression test, two 40 x 40 mm? support plates were
used. On this occasion, the load was applied at a constant speed of 250
N/s, which was reduced to 100 N/s in the case of the series that had been
previously subjected to temperature levels of 400 and 600 °C. Finally,
the compressive strength was obtained as the average value of the 6
fragments tested in each series.

Likewise, the same TRM coupons that had previously tested by non-
destructive testing to determine the flexural resonance frequency were
now tested in uniaxial tension following the indications of the AC434
[19] and RILEM TC 232-TDT [20] guides. As will be justified in Section
3, mortars were seriously damaged after exposure to certain tempera-
ture levels, so that the anchorage of the pieces presented some difficulty
(especially in the series subjected to temperature levels above 400 °C).
For this reason, and based on different tests previously carried out
[5,6,29], it was decided to increase the anchorage capacity by means of
4 holes drilled at both ends of the pieces and the placement of 4 screws of
10 mm in diameter, as shown in Fig. 5(a). The specimens were placed
between two 10 mm thick steel plates, with an intermediate sheet of
elastic material 1 mm thick to improve the contact between the two
materials and to evenly distribute the pressure exerted by the screws.
Although the method of anchorage by direct screwing through the TRM
coupons is not contemplated in the aforementioned guides, it has proved
to be totally satisfactory; in no case did the specimens break as a result of
the drill holes and no failures were detected in the anchorages in any of
the series studied. A press equipped with a 50 kN load cell was used for
the test and the anchorage device was designed to allow free rotation in
the plane of the specimen and at both ends, in order to correct possible
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Table 3
Dynamic elastic modulus, Eg4y, (in MPa) in mortars and TRM series (coefficient of
variation expressed as percentage in parentheses).

Exposure Mortar ? TRM °

temperature (°C)
M1 M2 A B C D

20 10263 8566 8850 6546 6223 5703
(2.2 (4.5 (2.1 (16.1 (17.2 5.6
%) %) %) %) %) %)

100 9109 8113 8630 5935 5528 5162
0.9 0.6 (7.2 (11.8 (5.2 (7.7
%) %) %) %) %) %)

200 8288 6864 6791 3620 3860 3782
a9 3.5 (25.7 (135 (24.8 (14.9
%) %) %) %) %) %)

400 6532 3787 6421 2573 2428 2390
a9 4.4 9.2 9.8 (15.5 (13.8
%) %) %) %) %) %)

600 3686 1507 4852 1121 1393 1183
1.0 (6.6 3.9 9.7 9.2 (19.0
%) %) %) %) %) %)

@ Egqyn from ultrasonic tests in 160x40x40 mm? mortar samples.
b Eg4y, from sonic resonance tests in TRM specimens.
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Fig. 6. Evolution of the dynamic modulus of elasticity with temperature
(normalized residual values).

eccentricities or errors in centering.

The load was applied by displacement control, with a constant value
of 0.2 mm/min until failure. Two different methods were used to control
the deformations: (i) on one side of the specimen, Fig. 5(b), an LVDT was
placed directly anchored to the steel plates at both ends -with an initial
measurement length of 300 mm- and connected to an HBK QuantumX
MX1615B data acquisition system, programmed at a sampling rate of 1
Hz; (ii) the opposite side, Fig. 5(c), was monitored by Digital Image
Correlation (DIC), for which a camera with a resolution of 16 MP was
installed at 75 cm from the specimen, applying a stochastic paint spray
pattern (speckle) on the mortar surface to improve the contrast and the
subsequent analysis process, which was carried out using the GOM
Correlate software [29].

3. Results and discussion
3.1. Effect of temperature on dynamic modulus of elasticity

The dynamic moduli of elasticity (Egyn) obtained experimentally in
the two types of mortars used and also in the four different combinations
of TRM specimens are summarized in Table 3. These results, based on
non-destructive testing, also show the impact of the different exposure
temperatures considered. The corresponding coefficients of variation
are also included, in all cases. In addition, Fig. 6 graphically represents
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the normalized residual values, i.e. the ratio between the modulus at a
given temperature (Egyn(r)) With respect to that of the same series at
room temperature (Egyn(20))-

Regarding the results of the mortars studied, it can be observed,
firstly, that the experimental results for both mortars at room temper-
ature are very similar to the values provided by the manufacturer
(10000 MPa for mortar M1 and 8000 MPa for M2). Secondly, it is
important to emphasize that the coefficients of variation obtained for
each series are considerably small, which shows the homogeneity and
validity of the tests. In the light of the results shown, the temperature
exposure produced notable decreases in the dynamic modulus of elas-
ticity of both mortars: in the case of M1, reductions of around 40% at
400 °C and 60% at 600 °C were observed; in the case of M2, the drops
were considerably steeper, of around 60% at 400 °C, and even up to 80%
at 600 °C. Therefore, it seems evident that the matrix was seriously
damaged as a consequence of exposure to high temperatures.

With respect to the TRM coupons, the type of fabric -fiber type or
mesh pitch- did not seem to have any influence on the results, i.e., Egy,
seems to depend only on the characteristics of the matrix mortar. Curves
B, C and D in Fig. 6 describe the same downward trajectory as the
exposure temperature increased. In general, the method of estimating
the dynamic modulus by bending resonance on TRM coupons provided
appreciably lower values with respect to the results obtained by ultra-
sound on mortar specimens. However, in terms of the decrease in Egy;, as
a consequence of temperature, it can be seen that the series

Table 4
Compressive and flexural strengths in 160 x 40 x 40 mm® mortar samples
(coefficient of variation expressed as percentage in parentheses).

Exposure M1 M2
Ef;n)perature Compressive Flexural Compressive Flexural
strength (MPa) strength strength (MPa) strength
(MPa) (MPa)
20 9.55 4.03 16.93 5.28
(15.9 %) (10.7 %) (5.4 %) (13.3 %)
100 8.33 3.32 16.80 6.16
(22.5 %) (29.0 %) (4.0 %) (9.0 %)
200 8.38 3.10 15.68 5.49
(16.3 %) (4.1 %) (20.7 %) (11.9 %)
400 8.79 2.93 7.14 2.42
(17.1 %) (6.8 %) (12.1 %) (9.9 %)
600 4.47 0.73 5.16 1.45
(9.8 %) (7.3 %) (6.5 %) (8.4 %)
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Fig. 8. Evolution of the compressive and flexural strength with temperature
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manufactured with M2 mortar (series B, C and D) suffered almost
identical losses, and only in series A (manufactured with M1 mortar)
lower decreases were obtained, of approximately 25% at 400 °C and
45% at 600 °C. Finally, Fig. 7 shows the relationship between the dy-
namic moduli of elasticity obtained in the mortar specimens (on the X-
axis) and in the TRM coupons (on the Y-axis) for all the temperature
levels studied. The results are now grouped according to the two types of
mortar used since, as has been shown, the type of mesh did not produce
substantial differences. It can be seen that both methods provided
similar results in the case of M1 mortar, although the estimation of Egyn
by bending resonance clearly gave lower values for the series manu-
factured with M2 mortar.

3.2. Effect of temperature on mortar strengths

The results for the compression and 3-point-bending tests on the 160
x 40 x 40 mm® mortar specimens are summarized in Table 4, according
to the different exposure temperature levels, including the correspond-
ing coefficients of variation, for each type of mortar and temperature
level studied. The residual values are plotted in Fig. 8, so as to be able to
easily appreciate the loss of mechanical capacity of each mortar as a
function of temperature.

The results show that, at room temperature, the compressive
strength of M2 mortar matched the manufacturer’s specifications (>15
N/mm?), although this was not the case for M1, whose strength did not
reach 10 N/mm?. It is clearly observed how M1 maintained its proper-
ties relatively constant up to 400 °C, although the flexural strength
(whose loss was estimated to be around 25%) deteriorated to a greater
extent than the compressive strength (less than 10%). However, a
serious degradation is observed at 600 °C (about 50% in compressive
strength and 80% in flexural strength). In the case of M2, however, the
strength degradation was remarkable from 200 °C upwards, and both
were reduced by approximately 70% at 600 °C. It is interesting to
compare these results with the decreases obtained in the dynamic
modulus of elasticity in both mortar specimens and TRM coupons
(Figs. 6 and 8). It becomes clear that in the case of M2 mortar, the
percentage drops at 400 and 600 °C were virtually identical, with slight
differences being observed in the case of M1 mortar. In view of the re-
sults, it can be seen that mortar M1 presented greater stability when
exposed to high temperatures, although both mortars underwent sig-
nificant degradation at levels of 600 °C, which would arguably corre-
spond to the action of a high intensity fire acting directly on the
reinforcing materials. It can therefore be concluded that the application
of non-destructive testing methods for the evaluation of damage due to
high temperatures in this type of materials is quite acceptable, which
implies an attractive solution in the case of interventions in those
buildings where, for whatever reason, it would not be possible to extract
specimens on site.
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3.3. Effect of temperature on TRM: stress-strain response

For the interpretation of the results of uniaxial tensile tests on TRMs,
an idealized stress-strain curve is represented in Fig. 9 with the three
characteristic phases with which this type of material normally re-
sponds, as explained in Section 1: I (uncracked stage), II (crack devel-
opment) and III (cracked stage); however, it should be pointed out that
these three stages cannot be clearly differentiated in all cases, as will be
justified later on. This curve makes it possible to identify the funda-
mental parameters of the test: stress (o) and strain (e.) at the point
where the mortar matrix cracks; modulus of elasticity of the uncracked
TRM (E1); stress (oy,) and strain (g,) at failure; and modulus of elasticity
of the cracked TRM (E3). With respect to the failure modes, it is
important to note that in some series, failure was reached by fiber
rupture, which translated into a clearly defined point in the stress-strain
diagram. However, in other cases, failure occurred by slippage of the
fibers with respect to the mortar matrix, obtaining an approximately
horizontal branch where the strains increased at more or less constant
stress; in these cases, the determination of the ultimate strain was not as
immediately apparent.

The stress-strain curves obtained experimentally are shown in Fig. 10
where, depending on the type of mesh, the average curve of the 4
specimens that make up each series is given for the 5 exposure tem-
perature levels. To facilitate the reading of the article, it has been
decided to separate in Appendix A the detailed curves of the 20 series
tested. These graphs provide the average and bilateral 90% confidence
interval of the stress-strain relationship. Table 5 summarizes the results
obtained, expressing the stresses and moduli of elasticity with respect to
the area of the fibers, adopting the values provided by the manufacturer
for each type of mesh (Table 1). Furthermore, the maximum stress of
phase I with respect to the gross section of the mortar matrix (o) is
also provided, in order to compare these values with the corresponding
flexural strengths (Table 4). To assist in the interpretation of the results
in Table 5, it has been decided not to include the coefficients of varia-
tion, since it is considered that the confidence intervals defined graph-
ically in the curves of Appendix A allow a clearer appreciation of the
dispersions obtained in each series and in each phase of the test.

The results show, in general terms, that the response of the TRM at
room temperature or at moderate exposure levels (up to 200 °C) was
different depending on the type of reinforcing mesh and the mortar used.
In the case of A-series, stage II segued into stage III without any clear
transition point between the two. Failure generally occurred by slippage
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Fig. 10. Experimental results on TRM tensile tests (average stress-strain curves for 4 samples per set).

Table 5
Experimental results on TRM tensile tests.
Set Ocr Ocr,m Ecr E; oy &y E3
(MPa) (MPa) (%) (GPa) (MPa) (%) (GPa)
A20 128 0.91 0.056 428 413 2.050 27.2
A100 125 0.89 0.042 504 687 4.483 29.8
A200 79 0.56 0.031 360 652 3.417 29.1
A400 99 0.70 0.023 247 90 0.103 0
A600 61 0.43 0.016 190 64 0.121 0
B20 466 1.65 0.073 1371 627 1.483 24.9
B100 505 1.78 0.085 790 585 1.342 21.7
B200 302 1.07 0.073 657 354 0.883 22.2
B400 109 0.39 0.037 496 114 0.850 19.7
B600 83 0.29 0.080 230 68 0.617 4.3
C20 375 1.80 0.067 1104 1174 0.867 111.4
C100 338 1.62 0.080 845 904 1.933 40.5
C200 258 1.24 0.065 646 778 0.667 98.7
C400 120 0.58 0.073 334 463 0.692 74.3
C600 48 0.23 0.063 120 48 0.063 0
D20 391 1.52 0.062 1221 970 1.533 54.1
D100 445 1.73 0.072 1171 1246 0.775 126.9
D200 306 1.19 0.073 764 1165 2.100 37.6
D400 131 0.51 0.053 435 171 0.483 11.7
D600 136 0.53 0.085 377 136 0.085 0

of the fibers inside the mortar matrix, which resulted in a last branch
with a gentle slope in which it was not possible to establish a specific
point of failure in all cases. In B-series, stages II and III appeared to
combine in a single, relatively horizontal branch, in which slight stress
drops were appreciated as the mortar matrix cracked. Failure in this case
occurred by fiber rupture, so the ultimate stress could be identified
relatively easily. With respect to C and D-series, bilinear behavior was
characterized by the absence of stage II and a well-defined failure point
as a consequence of fiber rupture. In general, the observed responses

were consistent with those described in other investigations [25]. With
respect to the dispersions obtained, it can be seen from the curves in
Appendix A how the TRMs with the glass fiber meshes (A and B-series)
presented the widest confidence intervals, while the series with the
carbon and basalt fiber meshes (C and D-series) responded in a much
more homogeneous way, with very narrow confidence intervals.

Analyzing the specific values, and always at room temperature, it can
be seen that the fiber cracking stress was not reached in any case,
obtaining o, values of 26% (set A20), 49% (set B20), 23% (set C20) and
63% (set D20), with respect to the data provided by the manufacturer for
bare meshes (Table 1). With regard to cracking stress of the mortar, the
resulting o, values were clearly smaller than those obtained in the
flexural tests in the corresponding matrices (Table 4): 23% (set A20 vs.
mortar M1) and 29% to 34% (sets B20, C20 and D20 vs. mortar M2). In
terms of the modulus of elasticity, the comparison between E3 and the
information provided by the manufacturer for the different meshes is
relevant (Table 1). The moduli in the TRMs were again found to be
lower: 82% (set A20), 35% (set B20), 44% (set C20) and 61% (set D20).
The results, in general, are consistent with those reported in other
experimental campaigns with glass [22], carbon [21] or basalt [23]
meshes.

From the point of view of the influence of temperature on the TRV, it
can be observed that, in general terms (Fig. 10), the 4 materials studied
performed well up to exposure levels of 200 °C, suffering significant
losses in mechanical capacity at 400 °C and above. In A-series, it can be
seen that temperatures of 100 and 200 °C clearly improved the behavior
of the TRM. This effect has also been observed in other previous in-
vestigations [34-36,41,42] and is essentially attributed to two reasons:
(i) during the cooling process that follows the thermal treatment, a
shrinkage of the mortar matrix occurs that improves the adhesion with
the fibers, an effect that is increased as the water contained in the ma-
terial evaporates; (ii) at these temperature levels it has been found that



L. Estevan et al.

Construction and Building Materials 328 (2022) 127116

—O0—A —O0—B

_-O—-.C ....O..--D

2.00

(a)

1.60

1.20

0.80

0.40

Normalized residual o,

0.00

0 100 200 300 400 500 600
T(°0)

2.50

(©)

1.00

0.50

Normalized residual E,

0.00

0 100 200 300 400 500 600
T (°C)

2.00
: (b)
" 1.60 P~—q
=
3
7 1.20
(o
o)
£ 080
=
&
£ 040
Z
0.00
0 100 200 300 400 500 600
T (°C)
2.50
) 9 (d)
=900 :
=
=
o
2150
e
3
£ 1.00
=
g
5 0.50
7.
0.00

0 100 200 300 400 500 600
T (°C)

Fig. 11. Evolution of TRM properties with temperature: (a) matrix cracking tensile stress; (b) ultimate tensile stress; (c) uncracked elastic modulus; (d) cracked

elastic modulus. Normalized residual values in all cases.

some polymers with which the meshes are coated change from visco-
elastic to plastic state with heat, recovering their original state upon
cooling, a process that improves the adhesion between the fibers and the
matrix. For temperatures of 400 °C and above, and despite the fact that
the M1 mortar maintained its properties relatively intact (Table 4), it
was observed how the TRM lost all its mechanical capacity as a conse-
quence of the degradation of the mesh, as will be analyzed in the
following section.

B-series did not show any improvement in its behavior as a conse-
quence of temperature, and it was found that the material remained
intact at 100 °C, detecting the first signs of deterioration at 200 °C and
obtaining significant drops over 400 °C, the temperature at which
degradation of the M2 mortar occurs (Table 4). The failure of the TRM at
these temperature ranges was again attributed to the degradation of the
mesh, although in this case the deterioration of the mortar also had an
influence, causing the transfer of stresses between the different fibers to
lose effectiveness, so that a localized breakage of some fibers quickly led
to the failure of the composite.

In C-series, no improvement is observed after the increase in tem-
perature either. On the other hand, among the 4 meshes studied, it is
only in this case that the material retains a certain mechanical capacity
up to 400 °C, becoming completely damaged at 600 °C. The explanation
is attributed to the fact that the carbon fiber meshes are the only ones
that are not polymer-coated and are only pre-impregnated with the
liquid phase of the M2 mortar during the execution of the coupons. The
decomposition of the mesh coating polymers at temperature levels of
400 °C has been shown to have a decisive influence on the strength of
TRMs as the bond between the fibers and the mortar matrix disappears
[35].

Finally, in D-series a clear increase in the mechanical capacity at 100
and 200 °C was again observed, in a similar way as discussed above for
A-series. On the other hand, the increase in stiffness experienced by the
material in the samples exposed to 100 °C was remarkable, with the
modulus E3 being superior to the value provided by the manufacturer for
the corresponding mesh (Table 1). This increase has already been re-
ported in some previous investigations [22,30] and is basically attrib-
uted to the fact that the mortar matrix can provide additional stiffness in
certain cases, in addition to allowing a much more homogeneous dis-
tribution of stresses between the fibers with respect to the tensile test of
dry meshes, where irregular distributions or stress concentrations may
occur in the anchorage zones. Once again, it is observed that, at 400 °C
and above, the material was badly damaged as a consequence of the
degradation of the mesh and the M2 mortar, in a very similar way to that
explained in the case of the B-series.

To analyze the degradation of the mechanical properties of the TRMs
after being damaged at different temperature levels, Fig. 11 presents the
reductions obtained in the mortar matrix cracking strength (Fig. 11(a)),
ultimate strength (Fig. 11(b)), modulus of elasticity of the uncracked
TRM (Fig. 11(c)) and modulus of elasticity of the cracked TRM (Fig. 11
(d)). In all cases, the normalized residual values are plotted, i.e., the
ratio of the result at a given temperature to the equivalent series at room
temperature. It can be seen, first of all, that the evolution of . depended
fundamentally on the type of mortar used, showing that in A-series
(mortar M1) better results were obtained than in B, C and D-series
(mortar M2), where the decreases at 400 and 600 °C were quite marked.
The results are consistent with those presented previously for both
mortars (Fig. 8), noting, in general, what has already been observed in
Section 3.2, where M1 retains its properties relatively well up to 400 °C,
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Fig. 12. Crack patterns in all series obtained by DIC analysis.

unlike M2, which suffers a significant decrease from 200 °C onwards. A
possible explanation for this behavior is that M2 mortar is marketed as a
high ductility mortar, so its dosage incorporates synthetic polymers in
aqueous dispersion, which are strongly degraded at temperatures not
higher than 200 °C. Another aspect that may affect the different
behavior between M1 and M2 is that the fibers contained in M2 mortar
are affected by temperature, reducing the tensile strength of the matrix.

Regarding the ultimate stress (o), it should be noted that the un-
derlying factor responsible for reaching this parameter is the type of
fabric, so that the evolution of this parameter is strongly conditioned by
the meshes used. In A and D-series, the increase in resistance at tem-
peratures of 100 and 200 °C was noteworthy, the possible explanation
for which has been discussed above. On the other hand, B and C-series
did not experience this improvement, obtaining approximately linear
resistance losses with increasing temperature. It was observed in all
cases that the material was heavily damaged at 400 °C and practically

10

unusable at 600 °C, as a consequence of the degradation of the meshes
and as will be justified in the following section.

From the point of view of the modulus of elasticity, it can be seen
how the decreases in E; were also practically linear as the temperature
increased, and only in the case of the A-series was a slight improvement
detected at 100 °C. The results are comparable with the dynamic moduli
of elasticity obtained for mortars (Fig. 6), which again shows that
nondestructive testing can be of great interest for evaluating the loss of
mechanical capacity of this type of material without the need to extract
samples on site.

Finally, greater differences are observed in the evolution of E3 with
temperature, the increase in D-series at 100 °C being particularly
striking. The possible reasons for this increase have been explained
above. While B and C-series appear to retain their stiffness up to 400 °C,
in A and D-series there are very important reductions at this temperature
level, with all series being severely damaged at 600 °C.
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3.4. Effect of temperature on TRM: crack patterns and failure modes

To study the cracking patterns, Fig. 12 displays the results of the
analysis by Digital Image Correlation (DIC), taking a representative
specimen from each of the sets tested. The images correspond to the
failure point (6,) and have been processed using the GOM Correlate
software [29]. The strains are indicated with a color code where red
represents values above 5%, which occur in the vicinity of the main
cracks. In general, it is evident that cracking patterns vary significantly
among the different materials studied and also with the exposure
temperature.

In the case of A-series, at room temperature a single crack was pro-
duced in the central zone of the specimen, although in other cases it was
concentrated in the area near the anchor plates. From this point on, the
mesh slipped with respect to the mortar matrix without new cracks
being detected. At 100 and 200 °C a greater distribution of cracking
along the piece was observed, and also notable increases in the ultimate
strength, in line with the improvement of bonding between the fabric
and the mortar as discussed in the previous section. At 400 °C and above,
cracking was again concentrated in a single section, usually at the ends
of the specimens. At these temperature levels, the mesh was heavily
degraded, and failure occurred immediately after matrix rupture.

The response of B-series was different, showing that at room tem-
perature the distance between cracks corresponded approximately to
the size of the reinforcing mesh (25 mm, Table 1). At 100 and 200 °C, the
separation between cracks widened, which indicates a gradual loss of
bond between the mesh and the mortar. Thus, no improvement in the
behavior of the TRM was observed as in the previous case. Again at
400 °C there was a dramatic drop in strength, with both matrix and mesh
strongly degraded. A single crack was then produced in the vicinity of
the anchor plates or in the central zone of the specimen.

Mesh C, as discussed in the previous section, is the only one that
maintained a certain mechanical capacity up to 400 °C, as can be clearly
seen in the cracking pattern. Meanwhile, at temperatures from 20 to
200 °C, no substantial differences were observed, with a fairly homo-
geneous distribution of cracks along the entire piece. At 600 °C, and with
the mesh and matrix completely degraded, failure occurred at very low
tensile stresses, with a single crack generally concentrated at the ends of
the specimens.

Finally, in the case of mesh D, at room temperature the distance
between cracks was found to be very small, since it was fundamentally
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Detail of TRM coupons degradation for 200, 400 and 600 °C.

conditioned by the size of the reinforcing mesh (6 mm, Table 1). Be-
tween 100 and 200 °C there were no significant differences, obtaining a
homogeneous distribution throughout the piece. Again, it was at 400 °C,
as in meshes A and B, that a sharp drop in strength was observed, with a
single clearly marked crack in the vicinity of the anchorage zones.
Overall, the results obtained are similar to those reported by Rambo
et al. [37], the only published research in which the behavior of TRM
exposed to elevated temperatures has been analyzed by means of DIC. In
this work, it was found that at 400 °C the failure modes were drastically
modified as a consequence, basically, of the degradation of the mortar
matrix and the decomposition of the coating polymers of the rein-
forcement meshes, losing the bonding capacity between both materials.
In order to analyze the degradation of the meshes as a consequence of
exposure to temperature, Fig. 13 shows a detail of the TRMs tested, in
which part of the mortar matrix has been removed to expose the fibers.
Only the series subjected to 200, 400 and 600 °C are presented, since at
lower temperatures the materials remained virtually intact, and no
alteration was detected as a consequence of the exposure to heat. From
the visual inspection carried out, the meshes did not show any notice-
able signs of deterioration at temperatures up to 200 °C. However, it is
clearly observed that at 400 °C the coating polymer of meshes A, B and D
was completely decomposed, leaving the fibers loose and without any
capacity to adhere to the mortar matrix. This is arguably the main cause
of the significant strength losses discussed in the previous section.
Regarding mesh C, it should be remembered that it is the only one of the
four that is not polymer-coated. Although certain symptoms of deteri-
oration are observed in the carbon fibers and the mortar matrix is seri-
ously damaged at this temperature level, the TRMs of this series still
retained certain mechanical capacity, since they did not suffer the
adhesion problem that arose with the rest of the meshes. Finally, at
600 °C the fibers appeared seriously worn out in all cases, and the me-
chanical properties of the material were completely lost. It is worth
mentioning, on the one hand, that the fibers contained in the composi-
tion of mortar M2 (meshes B, C and D) also underwent significant
degradation at 400 °C and above, as shown in the images. Additionally,
it should be pointed out that the M2 mortar has synthetic polymers in its
dosage, which are vulnerable to exposure to temperatures not exceeding
200 °C. This could be one of the causes of the significant drops in the
matrix cracking strength (o) that have been explained above (Fig. 11

(a)).
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Table 6
Experimental campaigns in other studies.
Ref.  Authors Textiles Mortar matrix Temperature
exposure (°C)
1 Colombo Glass High strength 20-200-400-600
et al. mortar
2a De Andrade Carbon Cementitious 20-100-150-200-400-
et al. (uncoated) 600
2b De Andrade Carbon Cementitious 20-75-150-200-300-
et al. (coated) 400-600-1000
3 Rambo et al. Basalt Cementitious 20-75-150-200-300-
400-600-1000
4a Messori Glass (coating ~ Hydraulic lime 20-100-150-200-250
et al. 1)
4b Messori Glass (coating ~ Hydraulic lime 20-100-150-200-250
et al. 2)
5 Tlaiji et al. Glass Cementitious 20-75-150-300-400-
600
6 Homoro Glass Cementitious 20-75-150-300-400-
et al. 600

3.5. Effect of temperature on TRM: comparison with other studies

To conclude the discussion, it is considered appropriate to compare
the results obtained with those reported in previous investigations. It is
worth remembering that the studies published to date are scarce, so the
information available is limited. To establish the comparisons, the works
of Colombo et al. [34], De Andrade et al. [35], Rambo et al. [36],
Messori et al. [39], Tlaiji et al. [41] and Homoro et al. [42] have been
selected, whose main conclusions have been pointed out in Section 1.
Nevertheless, the main characteristics of the experimental campaigns
proposed in these works are summarized in Table 6.

The comparison of the results is proposed in terms of the TRM ulti-
mate strength (o,,). For this purpose, Fig. 14 shows the losses obtained in
the 4 series tested (A, B, C and D) together with those reported in the
aforementioned works, for the different levels of exposure temperature.
First of all, a more than acceptable homogeneity should be noted, taking
into account the dispersions presented in this type of tests and the large
number of variables that can influence the results. However, it is
necessary to highlight that in A-series a notable deviation is observed
with respect to the rest, corresponding to the important improvements
in resistance detected at 100 and 200 °C, as discussed above. In most
cases, it is observed that the TRMs maintained (or even improved) their
mechanical capacity at moderate exposure levels (up to 200 °C), for the
reasons explained in Section 3.3. From this point on, more or less sig-
nificant decreases in resistance occur up to 400 °C, which correspond to
the degradation of the mortar matrix and the reinforcement meshes and,
most particularly, to the decomposition of the fiber coating polymers,
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seriously compromising the adhesion between both materials. In this
sense, it should be useful to observe the curve (2a) reported by De
Andrade et al. for the case of uncoated carbon fiber fabrics, where this
problem does not occur. Finally, it is evident how these types of mate-
rials are profoundly damaged at 600 °C, suffering resistance drops of
more than 80% in most cases. At this temperature level, it has been
found that the reinforcement polymer fabrics of the TRM become
considerably degraded, so that failure occurs at very low stresses once
cracking of the mortar matrix is initiated.

4. Conclusions

In this work, the tensile behavior of TRM specimens produced with 4
types of fabrics (two glass, one carbon and one basalt fiber meshes) and
2 different limed-based mortars, has been analyzed. The samples were
exposed to different temperatures levels (up to 600 °C). The materials
have been subjected to both non-destructive and destructive tests, in
order to determine their mechanical properties. The main conclusions
derived from this research can be summarized in the following points:

e The evaluation of the dynamic elastic modulus by non-destructive
tests (ultrasonic wave propagation on mortar specimens or sonic
resonance tests on TRM coupons) has provided satisfactory results,
when compared with destructive tests data; it can be concluded that
these techniques may be very appropriate for the evaluation of
damage by high temperature exposure in this type of materials.

e At room temperature, the tensile behavior of TRMs is different
depending on the type of mesh used. In carbon or basalt fiber meshes,
a bilinear response and a well-defined ultimate strength point is
observed, as a consequence of fiber rupture. In case of glass fiber
meshes, the stress-strain curves show higher dispersions and the ul-
timate strength point cannot be clearly identified in all cases (in
these series a second branch is obtained with very little slope, where
the deformations increase at approximately constant tension as a
result of the fibers slippage inside the mortar matrix).

e At moderate temperature levels (up to 200 °C) the 4 materials
studied keep their mechanical properties relatively unaltered. In fact,
in some cases, improvements in the strength capacity of TRMs at
these temperature levels have been obtained. These improvements
are attributed, on the one hand, to the shrinkage of the mortar matrix
during the cooling process, increasing the bond with the fibers; on
the other hand, such improvements are observed in polymer-coated
meshes, in which fiber-mortar adhesion is increased when the
coating is softened by the effect of heat.

At 400 °C a significant loss of strength is detected in all cases, and

only TRMs with carbon fibers seem to retain some mechanical
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Fig. 14. Ultimate tensile stress loss with temperature exposure: comparison with other studies.
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Fig. Al. Experimental stress-strain curves for A-series.

capacity (these meshes are the only ones which are not coated). At
600 °C the material is strongly damaged in all cases, the meshes
appear completely degraded and the adhesion to the mortar matrix is
lost. The results obtained are consistent with those reported in other
published works with TRMs subjected to high temperature exposure.
As a summary and main conclusion of this work, it is worth high-
lighting that TRMs are often wrongly perceived as fire resistant
systems, due to the inherent non-combustibility character of inor-
ganic mortars, compared to organic resins of FRPs. However, these
materials may require additional protections in many cases, as it has
been found that at 600 °C (which is the usual range of temperatures
that can be reached during a fire inside a building) their mechanical
properties are severely compromised.

Finally, it is important to highlight that these conclusions are limited
to the commercial TRM solutions tested in this study. In this regard,
some parameters of potential relevance are suggested for future
research: (i) in this work, only lime-based mortars have been used, so
other types of matrices could be studied, and including additions or fi-
bers to improve the behavior at high temperature; (ii) in the coupons
tested only one layer of fabric was used in all cases, so another param-
eter of study could be to increase the number of layers and analyze its
effect; (iii) it has been shown that the type of coating polymer can
significantly influence mesh-to-matrix bond at high temperature, so it
could be of great interest to study specifically the behavior of a same
TRM with different coatings and temperature levels.
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Fig. A2. Experimental stress-strain curves for B-series.
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Fig. A3. Experimental stress-strain curves for C-series.
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Fig. A4. Experimental stress-strain curves for D-series.
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Appendix A

The stress-strain curves of the 20 series tested are presented in this

appendix. In each graph, the average of the 4 specimens that make up
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each set is represented by a dark line. The bilateral 90% confidence
intervals of the strength, determined for each strain value, are shaded in
gray. In this way, the dispersions obtained in each case can be easily
visualized (Figs. A1-A4).
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