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Abstract: Use of fabric-reinforced cementitious matrices (FRCM) is a very efficient strengthening solution for improving the structural be-
havior of existing masonry elements. FRCM are capable of improving the load-bearing capacity of masonry panels, at the same time pro-
viding more ductile behavior. However, the mechanical performances of these materials could be significantly affected by environmental
conditions, such as exposure to thermal variations. This aspect should be properly assessed by guidelines and standards devoted to the design
of strengthening interventions. Within this framework, the objective of the present research was to evaluate the effect of a temperature in-
crease on the tensile behavior of various FRCM systems, composed of steel, basalt, or aramid-glass fibers and lime-based or cement-
based mortar matrices. Tensile tests were performed for each system under different thermal conditioning protocols, comprising different
target temperatures, exposure periods, test conditions, and adopted heating sources. The test results showed that the effect of temperature
is more evident in the first phases of the tensile tests, that is, during the uncracked phase and the mortar matrix cracking phase, whereas
it is less significant in the final phase, which was more related to fiber behavior. Comparisons between the different thermal conditioning
procedures are critically discussed within the paper and, in light of the results obtained, recommendations are included to optimize the testing
procedures for future research and qualification procedures. DOI: 10.1061/(ASCE)CC.1943-5614.0001241. This work is made available
under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction

Since the seismic vulnerability of masonry buildings is a critical
issue in the framework of safety assessments of existing construc-
tions (Ceci et al. 2010; Del Gaudio et al. 2021; Lagomarsino 2006;
Penna 2015), the use of composite materials for structural retrofit-
ting has rapidly increased in recent years due to their effectiveness
in improving survivability in the event of an earthquake (Alecci
et al. 2019; Incerti et al. 2015; Shrive 2006; Valluzzi 2016). In par-
ticular, fabric-reinforced cementitious matrices (FRCM) systems
are adopted nowadays as an efficient strengthening solution for im-
proving of the structural behavior of masonry elements, those both
subjected to in-plane and out-of-plane actions (Mininno et al.
2017). Indeed, they are capable of increasing the load-bearing
capacity of masonry panels providing, at the same time, more duc-
tile behavior. Significant research, from experimental and

numerical points of view, has been devoted to the study of both ten-
sile and bond behavior of a great variety of FRCM systems
(Ascione et al. 2015; Bellini et al. 2019a, b; Carozzi et al. 2017;
Ceroni et al. 2014; de Felice et al. 2016; Lignola et al. 2017;
Valluzzi et al. 2012), as well as to the analysis of the in-plane
(Babaeidarabad et al. 2014; Ferretti and Mazzotti 2021; Incerti
et al. 2019; Murgo et al. 2021; Del Zoppo et al. 2019) and out-of-
plane (Bellini et al. 2018; D’Ambra et al. 2019; Papanicolaou et al.
2007) behavior of full-scale strengthened masonry walls. In these
researches, various masonry typologies, FRCM systems, and rein-
forcing layouts were investigated, confirming that FRCM can be a
profitable and suitable strengthening solution (Faella et al. 2010;
Ferretti et al. 2021; Marcari et al. 2017; Oliveira et al. 2012; Parisi
et al. 2013), when compared with other more traditional techniques.

A critical issue to be considered for a comprehensive definition
of the effectiveness of FRCM systems is their durability. For this
purpose, several studies concerning the behavior of these compos-
ite materials when exposed to aggressive environments have been
conducted in recent years, showing how such conditions can affect
the performance of FRCM systems (Bellini et al. 2020; Dalalbashi
et al. 2021; Donnini 2019; Micelli and Aiello 2019; Nobili and
Signorini 2017). Presently, Italian and international guidelines con-
sider this aspect to be relevant. As an example, the Italian guide-
lines (CSLP 2018) for the identification, qualification, and
control of acceptance of FRCM systems to be used for the struc-
tural strengthening of existing constructions state that the mechan-
ical performance of FRCM systems must be defined by considering
specific environmental conditions, such as the presence of humid-
ity, rainfall, freeze/thaw cycles, and exposure to saline and alkaline
environments. The guidelines also prescribe assessing the behavior
of these systems under thermal variations, through the execution of
tensile tests on FRCM coupons at specific temperatures, corre-
sponding to the upper limit of the temperature interval declared
by the producer, within which the performances of the FRCM sys-
tem should be guaranteed. A criterion was introduced for the
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qualification and control of acceptance of FRCM systems based on
comparisons between the axial stress versus strain curves of ther-
mally conditioned samples and those of the reference samples
tested at ambient temperature: the differences between the curves,
at each strain value, should be limited to ±15%.

Nevertheless, of the few studies that have looked into the behav-
ior of FRCM samples subjected to thermal variation, high temper-
atures were prescribed to some FRCM systems, either with the
objective of studying their tensile or bond behavior (Donnini
et al. 2017; Iorfida et al. 2019; Maroudas and Papanicolaou
2017; Ombres et al. 2018). These works focused on the influence
of thermal conditioning, using either an oven or a climatic chamber,
on the behavior of fibers, mortar matrix, and the matrix-to-fiber in-
terface. The latter result was strongly influenced by the presence of
an organic coating applied to the fibers. However, these studies
were more related to assessments of the fire resistance of these sys-
tems, given the very high temperatures prescribed, while the effect
of lower temperatures, such as those that an FRCM system might
experience when applied to an external surface of a building
under service conditions (e.g., strong sunlight exposure), have
been less frequently studied and should be further investigated.

The objective of the present research was to evaluate the effect
of thermal variations on the tensile behavior of various FRCM sys-
tems. For this purpose, an experimental campaign was conducted,
in which tensile tests were performed on unconditioned and ther-
mally conditioned FRCM samples. The considered thermal varia-
tions were comparable to those that an FRCM system might be
subjected to under service conditions. Several thermal scenarios
were considered to investigate the effect of different target temper-
atures, exposure periods, test conditions, heating procedures, and
heating sources on the tensile test results, and to identify the opti-
mal conditioning and testing procedures. Ninety tensile tests were
performed on six different FRCM systems, made of steel, basalt, or
aramid-glass fibers coupled with lime- or cement-based mortar
matrices.

Materials and Testing Methods

The FRCM strengthening systems investigated in the present ex-
perimental campaign were obtained by combining various mortar
matrices with different types of reinforcing fibers (according to
manufacturer recommendations). Three different premixed mortar
matrices were adopted:
1. a cement-based mortar (hereafter CEM) and
2. two natural hydraulic lime-based mortars (NHL1 and NHL2).

The following types of reinforcing fibers were used:
1. S [Fig. 1(a)]: high-strength unidirectional stainless-steel fibers,

with a weight density of 650 g/m2, an effective cross section

of the strands of 0.483 mm2, and an equivalent thickness of
0.063 mm;

2. B1 [Fig. 1(b)]: balanced bidirectional basalt grid, with a total
weight density of 210 g/m2, a spacing of 16 mm, a yarn section
of 0.544 mm2, and an equivalent thickness of 0.034 mm in each
direction;

3. B2 [Fig. 1(c)]: balanced bidirectional basalt grid, with a total
weight density of 365 g/m2, a spacing of 9 mm, a yarn section
of 0.496 mm2, and an equivalent thickness of 0.054 mm in
each direction;

4. B3 [Fig. 1(d)]: balanced bidirectional basalt grid, with a total
weight density of 200 g/m2, a spacing of 17 mm, a yarn section
of 0.544 mm2, and an equivalent thickness of 0.032 mm in each
direction; and

5. AG [Fig. 1(e)]: unbalanced bidirectional coated aramid-glass
grid, with a total weight density of 250 g/m2, spacings of
15 mm (warp direction, i.e., the direction along which the ten-
sile tests were performed) and 18 mm (weft direction), and
equivalent thicknesses of 0.031 and 0.049 mm, respectively,
for the warp and weft directions; the section of the single
yarns was equal to 0.465 and 0.875 mm2 in the warp and weft
directions, respectively.
The following combinations of the two materials were consid-

ered in investigating the influence of the mortar matrix and rein-
forcing fiber properties on the thermal behavior of the FRCM
strengthening systems: S-CEM, S-NHL1, B1-NHL1, B2-NHL1,
B3-NHL2, AG-NHL2. For each system, 15 FRCM coupons were
prepared. The length and thickness of the coupons were 500 and
10 mm, respectively, while the width, as reported in the following,
was a function of the number of bundles inside the specimens
and of the bundle spacing (CSLP 2018). The coupons were
cured in a laboratory-controlled environment (T= 22°C± 1°C,
RH= 60%± 5%) for 28 days before being subjected to a specific
thermal conditioning, which concluded with a direct tensile test.

Mechanical Characterization of the Materials

Mortar Matrix
The mechanical properties of the mortar matrices were determined
through standard laboratory tests, in accordance with EN 1015-11
(EN 1015-11, CEN 2019). For each mortar matrix, three prismatic
specimens, with dimensions 160 × 40 × 40 mm3, were cast and
cured in a laboratory-controlled environment for 28 days and
then subjected to a three-point bending test at ambient temperature
(22°C). Uniaxial compression tests were then performed on the
specimens that resulted from the flexural tests. Cyclic compression
tests, according to EN 12390-13 (EN 12390-13, CEN 2013), were
also conducted on three standard prismatic specimens for each mor-
tar typology, of dimensions 160 × 40 × 40 mm3, to evaluate the
elastic modulus.

(a) (b) (c) (d) (e)

Fig. 1. Reinforcing fibers: (a) S; (b) B1; (c) B2; (d) B3; and (e) AG.
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To investigate the effect of temperature on the mortar matrix
flexural strength, three-point bending tests were also performed
on three specimens for each mortar matrix at different tempera-
tures: 50°C and 80°C. The specimens were positioned inside a ther-
mal chamber (to be described). The temperature was increased at a
rate of 30°C/h and the test started after attainment of the target tem-
perature. The experimental results, in terms of mortar matrix com-
pressive strength, fm,c, and flexural strength, fm,fl, at the reference
condition (22°C) and at different temperatures, are reported in
Table 1, together with the values of the elastic modulus, Em, eval-
uated at ambient temperature only. Natural hydraulic lime-based
mortars (hereafter NHL1 and NHL2) are characterized by a pro-
gressive reduction in flexural strength as the temperature increases;
this effect is less evident in cementitious mortar (CEM).

Dry Fibers
The mechanical characterization of the dry fibers adopted in the
present experimental campaign was carried out following the Ital-
ian guidelines (CSLP 2018) and in line with International Stan-
dards (ACI 549.6R-20, ACI 2020). Tensile tests were performed
on bidirectional grid- or unidirectional strip samples, nine for
each reinforcing fiber typology. The length of the specimens was
500 mm and the width ranged between 60 and 64 mm. A different
number of bundles was tested, according to the bundle spacing of
the reinforcing grids or strips: four bundles were tested for B1,
B3, and AG1, seven bundles for B2, and eight bundles for S1.
Fiber-reinforced polymer (FRP) tabs were applied with epoxy
resin to both ends of the specimens to transfer the load and prevent
premature ruptures.

Tests were conducted under displacement control using a
servo-hydraulic machine with a maximum capacity of 100 kN
and prescribing a displacement rate equal to 0.5 mm/min. The
deformations in the center of the coupons were measured by
means of an extensometer with a gauge length of 200 mm.

The results of the direct tensile tests are reported in Table 1 in
terms of average tensile strength, σu, average ultimate strain, ɛu,
and average dry fiber elastic modulus, Ef (coefficients of variation
[CoVs] are reported in parenthesis). Even though both fiber and
matrices codes are specified for the various FRCM systems, “dry
fibers” and “mortar matrix” of course indicate the properties of
the two materials alone.

Direct Tensile Test Setup

The direct tensile tests were performed on FRCM coupons using a
servo-hydraulic testing machine with a maximum load capacity of
100 kN and equipped with an onboard class 0.5 load cell (Fig. 2).
The extremities of the specimens were strengthened with FRP com-
posite tabs, similar to the ones described for tests on the dry fibers,
to avoid local failures due to grip clamping. The tests were per-
formed under displacement control, with a rate of 0.2 mm/min in
the first part of the test, until the end of the cracking phase,

which was then increased to 0.5 mm/min in the last part of the
test (CSLP 2018). The strain was measured by means of an exten-
someter, positioned in the central part of the samples, with a gauge
length of 200 mm. It is worth mentioning that the FRCM coupons
were characterized by the same number of bundles as the dry fiber
samples.

In the present experimental campaign, most of the direct tensile
tests were performed with the sample inside a thermal chamber, as
shown in Fig. 2(a). The chamber is airtight, with fiberglass insula-
tion between the outer liner and the stainless-steel inner liner. It is
equipped with a multipaned, tempered glass window. The working
temperature range is −129°C ÷+315°C, with a maximum heating
rate of 550°C/h. The thermal chamber and the servo-hydraulic ma-
chine were perfectly locked together to ensure a controlled heating
environment during the tests.

Testing Procedures

The direct tensile tests were performed at ambient temperature
(22°C) and under several thermal conditioning protocols that con-
sidered different target temperatures, exposure periods, test condi-
tions, procedures, and adopted heating sources. Three different
target temperatures were selected: 40°C, 50°C, and 80°C. The
highest target temperature (80°C) was chosen according to Italian
building code recommendations (Ministero delle Infrastrutture e
dei Trasporti 2018) concerning the strongest effects of solar radia-
tion on the maximum temperature of external building surfaces.
The FRCM samples were exposed to the target temperature for dif-
ferent periods of time prior to test: 5 min (short-term exposure) or
360 min (long-term exposure).

Table 1. FRCM strengthening systems: mechanical properties of the materials (CoV in parenthesis)

Designation FRCM system

Dry fibers Mortar matrix

σu (MPa) ɛu (%) Ef (GPa) Em (GPa) fm,c (MPa) fm,fl (MPa) fm,fl(50 °C) (MPa) fm,fl(80 °C) (MPa)

S1 S-CEM 2,221 (2.3) 1.38 (6.3) 229 (3.2) 23 (4.7) 49.8 (6.7) 7.2 (10.3) 4.9 (8.1) 5.5 (12.4)
S2 S-NHL1 2,221 (2.3) 1.38 (6.3) 229 (3.2) 10 (10.2) 20.4 (3.7) 8.1 (9.5) 6.4 (11.9) 4.0 (8.6)
S3 B1-NHL1 1,201 (3.1) 1.97 (3.1) 78 (3.5) 10 (10.2) 20.4 (3.7) 8.1 (9.5) 6.4 (11.9) 4.0 (8.6)
S4 B2-NHL1 1,368 (4.5) 2.01 (7.8) 82 (1.8) 10 (10.2) 20.4 (3.7) 8.1 (9.5) 6.4 (11.9) 4.0 (8.6)
S5 B3-NHL2 1,160 (3.3) 2.20 (5.1) 76 (6.8) 12 (0.3) 11.6 (10.9) 3.1 (8.7) 2.8 (16.5) 2.5 (13.2)
S6 AG-NHL2 1,467 (11.4) 1.20 (8.4) 115 (9.3) 12 (0.3) 11.6 (10.9) 3.1 (8.7) 2.8 (16.5) 2.5 (13.2)

(a) (b)

Fig. 2. Setup of the direct tensile test: (a) climatic chamber; and
(b) zoom on the FRCM coupon.
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In order to test different conditioning protocols, the adopted
heating source prior to mechanical test was either a thermal cham-
ber or an oven, while the mechanical tests were conducted inside or
outside the thermal chamber.

For each FRCM system, the direct tensile tests were conducted
at ambient temperature (22°C) on three reference samples, while
two direct tensile tests were performed according to each of the fol-
lowing conditioning protocols and testing procedures (Table 2):
1. Procedure CXX-5_TC (where XX= 40, 50, 80 indicates the tar-

get temperature), with both preliminary short-term exposure and
test inside the thermal chamber: (1) the FRCM coupon was
heated up with a thermal gradient of 30°C/h; (2) the target tem-
perature (40°C, 50°C, or 80°C) was maintained for 5 min; (3)
the tensile test was performed.

2. Procedure C80-360_TC, with both long-term exposure and test-
ing inside the thermal chamber: (1) the FRCM coupon was
heated up to 80°C with a thermal gradient of 30°C/h; (2) the tar-
get temperature was maintained for 360 min; (3) the tensile test
was performed. This thermal conditioning is the one prescribed
by the Italian guidelines (CSLP 2018).

3. Procedure O80-360_TC, with long-term exposure in the oven
and testing inside the thermal chamber: (1) the FRCM coupon
was positioned in the oven and heated up to 80°C; (2) the target
temperature was maintained for 360 min; (3) the sample was re-
moved from the oven and positioned inside the thermal chamber
(required time approximately 10 min), where the temperature
was already set to 80°C; and (d) the tensile test was performed.

4. Procedure O80-360_NTC, with long-term exposure in the oven
and test at ambient temperature: (1) the FRCM coupon was po-
sitioned in the oven and heated up to 80°C; (2) the target tem-
perature was maintained for 360 min; (3) the sample was
removed from the oven; and (4) the tensile test was performed
at ambient temperature immediately after. In this case, the tem-
perature of the specimen during the test was not controlled.
Temperature profiles corresponding to the described thermal

conditioning protocols are reported in Fig. 3.

Experimental Results and Discussion

For each FRCM system and thermal conditioning, a representative
normal stress versus strain curve was selected from all the results
and is shown in Figs. 4–9. Normal stress was calculated by dividing
the force by the dry fibers’ cross-section area only. In all cases, typ-
ical trilinear behavior was observed (Fig. 10), characterized by an
initial uncracked phase, a cracking phase, and a fully cracked
phase; in the latter stage, the role of the fiber was prevalent. The
various drops in stress in the figures indicate the formation of trans-
verse cracks in the matrix (tests were performed under displace-
ment control).

A preliminary analysis of the results showed that thermal condi-
tioning may have affected the behavior of the specimens. Typically,
stresses at first cracking were lower for tests conducted after

heating, with respect to those performed at ambient temperature,
and those with heating and testing at 80°C usually exhibited the
lowest stress. This result was correlated with a reduction in the ten-
sile strength of the mortar matrix, documented through the flexural
tests (Table 1). Tests conducted outside the thermal chamber after
heating showed stresses at first cracking that are were usually inter-
mediate: between those of the tests conducted at ambient tempera-
ture and those at 80°C. A more detailed analysis of the results
requires comparison of data at significant points of the curves,
which follows.

The results of the 90 tests performed on the different FRCM sys-
tems are given in Tables 3 and 4, where the stresses, σi, and strains,
ɛi, of three representative points are reported. These points were
identified as corresponding to the end of the different phases in
the trilinear behavior of the normal stress versus strain curves, as
shown in Fig. 10. In particular, they corresponded to the formation
of the first crack (i.e., first peak along the normal stress versus strain
curve), to the end of the cracking phase, beyond which no further
cracks formed, and to the failure point (i.e., ultimate stress and
strain values), respectively. In more detail, the stress at the end of
the cracking phase (σ2) was identified as the stress value corre-
sponding to the last peak of the cracking phase, which was defined
as that characterized by a postpeak stress drop greater than 2% of
the maximum stress. For Systems S1 and S2, the peaks within

Table 2. Conditioning protocols and testing procedures

Code Preheating source Temperature (°C) Exposure time (min) Test condition

Reference — 22 — —
C40-5_TC Thermal Chamber 40 5 Inside the thermal chamber
C50-5_TC Thermal Chamber 50 5 Inside the thermal chamber
C80-5_TC Thermal Chamber 80 5 Inside the thermal chamber
C80-360_TC Thermal Chamber 80 360 Inside the thermal chamber
O80-360_TC Oven 80 360 Inside the thermal chamber
O80-360_NTC Oven 80 360 Outside the thermal chamber

(a)

(b)

Fig. 3. Temperature profiles for thermal conditioning with different
heating sources: (a) thermal chamber; and (b) oven.
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the last branch of the curves, in which the behavior is no longer lin-
ear, were discarded. The elastic modulus, E3, ideally representing
the tangent to the initial portion of the third branch of the curves,
was calculated as the secant modulus between the values of σ2
and 1.2σ2.

In addition to the expected differences in stresses and strains
during the tests among the tested FRCM systems, due to differ-
ences in the fiber or grid geometrical and mechanical properties
and in the mortar matrix tensile strength, different cracking patterns
were observed, as shown in Fig. 11 for tensile tests performed at
ambient temperature. The failure mode of the coupons was always
characterized by a tensile rupture of the fibers after the appearance
of cracks within the matrix. The cracking pattern at failure was af-
fected, as expected (Carozzi et al. 2017; Leone et al. 2017; Lignola
et al. 2017; De Santis et al. 2017), by the different arrangements
and axial stiffness of the fibers, since the development only a few
or multiple cracks was related to the ability of the fibers to redistrib-
ute the stresses along the entire length of the FRCM coupons.
This was particularly evident when comparing the failure mode
of the FRCM systems with unidirectional steel fibers [Figs. 11(a
and b)] with that of FRCM systems with bidirectional basalt or
aramid-glass grids [Figs. 11(c and d )]: multiple cracks occurred
in the former, while only a few cracks developed in the latter. If
one FRCM system at a time is considered, it is worth noting that
the same cracking patterns were observed at ambient temperature
and at increased temperature, as can be seen by comparing the

images in Figs. 11 and 12. In some cases, such as for Systems
S1 and S2, a smoother stress versus strain behavior was observed
during the cracking phase of the coupons at elevated temperature,
with respect to the behavior at ambient temperature, characterized
by fewer evident peaks and discontinuities. This corresponded to
the formation of the same number of cracks in both cases, the tem-
perature not influencing the cracking pattern.

As previously underlined, the normal stress versus strain curves
(Figs. 4–9) showed that the behavior of the FRCM coupons was af-
fected by thermal conditioning, especially in the first part of the test
during the uncracked and cracking phases. Differences between the
conditioned and the reference tests (22°C) can be observed in most
cases in terms of stress at the first peak and an extension of the
cracking phase. In the fully cracked phase, however, the behavior
of the conditioned samples was similar to that observed in the
FRCM samples tested at ambient temperature.

Effect of Thermal Conditioning

Comparisons between the effects of different thermal conditioning
procedures for the various FRCM systems were carried out for dif-
ferent target temperatures, exposure periods, adopted heating
sources (i.e., thermal chamber or oven), and test conditions (i.e., in-
side or outside the thermal chamber). In general, it can be observed
from the data in Tables 3 and 4 that the values of σ3 and E3 were

(a)

(b)

Fig. 4. Tensile test results for System S1 (S-CEM) subjected to differ-
ent thermal conditioning procedures: (a) normal stress versus strain
curves; and (b) zoom of the initial portion of the curves.

(a)

(b)

Fig. 5. Tensile test results for System S2 (S-NHL1) subjected to differ-
ent thermal conditioning procedures: (a) normal stress versus strain
curves; and (b) zoom of the initial portion of the curves.
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closer to the reference results with respect to those of σ1 and σ2.
They were also in good agreement with the results obtained on
the dry fibers (Table 1).

The σ1 values, corresponding to the first crack formation,
seemed to be most affected by thermal conditioning. Significant
average percentage variations were observed for the results on
the conditioned samples (Tables 3 and 4), with values of σ1
being significantly lower than the reference results in most
cases. Concerning the effect of the different target temperatures
in short-term exposure tests (C40-5_TC, C50-5_TC, C80-5_TC),
it was noted that, with increasing temperature, the values of σ1
were progressively lower than those of the unconditioned samples
for the majority of the FRCM systems. These results confirmed
what was previously observed in comparisons between normal
stress versus strain curves in the cracking phase and will be further
analyzed.

The results of the long-term (360 min) and short-term (5 min)
exposure tests performed inside the thermal chamber at 80°C
(C80-5_TC and C80-360_TC) were quite similar, especially for
Systems S1, S2, S4, and S5. Only for S6 did the long-term expo-
sure tests lead to values of σ1 that were higher than the reference.
Hence, based on the outcomes for the majority of the FRCM sys-
tems, it can be stated that the exposure period did not appreciably
influence the results. However, it had a great impact on the total du-
ration of the test and could be significantly reduced with respect to
the 360 min recommended by the Italian guidelines (CSLP 2018)

and adopted here for the long-term exposure tests, provided that
a low thermal gradient is adopted.

Different conclusions can be drawn from the tests conducted
with heating in the oven. The peculiarity of the thermal condition-
ing procedures involving use of the oven to heat the FRCM
samples was that, after the temperature was held constant for
360 min, the coupons were removed from the oven and positioned
inside or outside the thermal chamber to perform the tensile test.
During this operation, the FRCM samples inevitably cooled
down significantly due to the thinness of the coupons. Moreover,
samples removed from the oven and tested inside the thermal
chamber (O80-360_TC) did not immediately regain the target
temperature, even if the thermal chamber was already set to 80°
C; thus, the coupons were at a lower temperature when the tensile
test started. The problem of temperature control was even more
significant for tests performed outside the thermal chamber
(O80-360_NTC): the coupon temperature decreased rapidly (see
images in Fig. 13, taken with an infrared thermal imaging camera),
reaching approximately 62°C at the beginning of the test starting
10 min after coupon removal from the oven, and 42°C at the ap-
pearance of the first mortar matrix cracking. At the end of the
test, the temperature was approximately 29°C, confirming that
tests must be conducted inside a thermal chamber in order to obtain
reliable results. In several cases, the stress values at first cracking
(σ1) for specimens subjected to the thermal conditioning protocols
with the use of the oven (O80-360_TC and O80-360_NTC) were

(a)

(b)

Fig. 6. Tensile test results for System S3 (B1-NHL1) subjected to dif-
ferent thermal conditioning procedures: (a) normal stress versus strain
curves; and (b) zoom of the initial portion of the curves.

(a)

(b)

Fig. 7. Tensile test results for System S4 (B2-NHL1) subjected to dif-
ferent thermal conditioning procedures: (a) normal stress versus strain
curves; (b) zoom of the initial portion of the curves.
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greater than those obtained after long-term thermal exposure and
testing inside the thermal chamber (C80-360_TC), supporting the
conclusion that temperature had a significant effect on the tensile
behavior of FRCM samples in the cracking phase: a decrease in
temperature, due to the removal of the FRCM coupons from the
oven, led to an increase in stress at first cracking (σ1). To reduce
the uncertainties related to the actual temperature of the samples
and, consequently, to ensure correct detection of the thermal effects
on FRCM, the tests should be conducted in the thermal chamber for
their entire duration, that is, both for the heating and the testing
phases.

Effect of Temperature Variations on the Stress
at First Cracking

From the obtained results, it can be stated that an increase in tem-
perature up to 80°C did not significantly affect the mechanical per-
formances of the fibers, although it could determine a variation in
the mortar matrix tensile strength, as also evidenced by the flexural
tests performed on the mortar matrix (Table 1). The fiber-to-matrix
interaction was also modified by the temperature, due either to the
coating applied to the fibers or to the presence of organic compo-
nents within the mortar mix, whose stiffness was reduced when
the temperature rose. Even though the percentage of organic con-
tent, in weight, was lower than the 10% inorganic binder content,

the performance of these materials could have been significantly
affected by temperature.

To better analyze the effect of the temperature increase on the
cracking phase, the tensile stress in the mortar matrix at first crack-
ing (σmx) was evaluated for all the tests as the force registered at
first peak divided by the cross section of the FRCM coupons,

(a)

(b)

Fig. 8. Tensile test results for System S5 (B3_NHL2) subjected to dif-
ferent thermal conditioning procedures: (a) normal stress versus strain
curves; (b) zoom of the initial portion of the curves.

(a)

(b)

Fig. 9. Tensile test results for System S6 (AG-NHL2) subjected to dif-
ferent thermal conditioning procedures: (a) normal stress versus strain
curves; (b) zoom of the initial portion of the curves.

Fig. 10. Typical trilinear behavior of an FRCM system subjected to di-
rect tensile tests.

© ASCE 04022067-7 J. Compos. Constr.

 J. Compos. Constr., 2022, 26(5): 04022067 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ita
 d

i B
ol

og
na

 o
n 

08
/2

1/
22

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Table 3. Results of direct tensile tests on the FRCM systems S1 (S-CEM), S2 (S-NHL1) and S3 (B1-NHL1)

Sample Width (mm) σ1 (MPa)

σ1,i
σ1,REF

· 100 (%)
ɛ1 (%) σ2 (MPa) ɛ2 (%) σ3 (MPa) ɛ3 (%) E3 (GPa)

S1_REF_1 60 573 — 0.019 604 0.222 2,211 1.189 219
S1_REF_2 — 501 — 0.016 729 0.277 2,171 1.171 199
S1_REF_3 — 703 — 0.024 786 0.269 2,215 1.243 221
S1_C40-5_TC_1 — 566 87 0.018 602 0.202 2085 1.133 227
S1_C40-5_TC_2 — 464 — 0.014 780 0.243 2,100 1.089 208
S1_C50-5_TC_1 — 280 53 0.009 359 0.147 2,247 1.322 223
S1_C50-5_TC_2 — 349 — 0.011 409 0.156 2,280 1.308 229
S1_C80-5_TC_1 — 155 38 0.005 585 0.278 2009 1.130 216
S1_C80-5_TC_2 — 289 — 0.010 399 0.150 2,152 1.202 228
S1_C80-360_TC_1 — 151 26 0.005 323 0.156 2053 1.262 218
S1_C80-360_TC_2 — 155 — 0.005 260 0.133 2081 1.242 227
S1_O80-360_TC_1 — 253 42 0.009 296 0.101 2,180 1.307 216
S1_O80-360_TC_2 — 244 — 0.008 394 0.152 1955 1.129 203
S1_O80-360_NTC_1 — 162 27 0.006 308 0.093 2,201 1.198 232
S1_O80-360_NTC_2 — 161 — 0.006 514 0.186 2,240 1.206 214

S2_REF_1 60 250 — 0.024 253 0.127 2,187 1.317 205
S2_REF_2 — 250 — 0.025 250 0.106 2,101 1.132 206
S2_REF_3 — 308 — 0.020 267 0.124 2,216 1.171 205
S2_C40-5_TC_1 — 220 76 0.017 239 0.214 2,146 1.355 229
S2_C40-5_TC_2 — 191 — 0.013 209 0.122 2,226 1.476 226
S2_C50-5_TC_1 — 153 69 0.011 153 0.128 2,255 1.307 236
S2_C50-5_TC_2 — 219 — 0.022 282 0.149 2075 1.216 205
S2_C80-5_TC_1 — 111 46 0.011 205 0.148 2,119 1.264 234
S2_C80-5_TC_2 — 134 — 0.009 367 0.205 2,170 1.345 233
S2_C80-360_TC_1 — 109 43 0.010 160 0.089 2,164 1.410 225
S2_C80-360_TC_2 — 121 — 0.010 121 0.072 2051 1.209 224
S2_O80-360_TC_1 — 153 66 0.015 223 0.109 2064 1.230 225
S2_O80-360_TC_2 — 202 — 0.016 209 0.112 2,131 1.449 237
S2_O80-360_NTC_1 — 199 74 0.015 199 0.088 2,302 1.419 226
S2_O80-360_NTC_2 — 197 — 0.015 238 0.135 2,210 1.390 212

S3_REF_1 64 678 — 0.019 678 0.508 1,257 1.312 84
S3_REF_2 — 735 — 0.020 735 0.535 1,196 1.191 81
S3_REF_3 — 742 — 0.018 742 0.549 1,289 1.353 71
S3_C40-5_TC_1 — 649 80 0.024 649 0.455 1,215 1.351 66
S3_C40-5_TC_2 — 494 — 0.016 494 0.346 1,219 1.360 72
S3_C50-5_TC_1 — 442 74 0.014 442 0.182 1,137 1.242 71
S3_C50-5_TC_2 — 621 — 0.021 621 0.413 1,033 1.032 86
S3_C80-5_TC_1 — 553 71 0.017 553 0.563 973 1.281 83
S3_C80-5_TC_2 — 464 — 0.015 464 0.358 1,157 1.326 82
S3_C80-360_TC_1 — 713 89 0.023 829 1.065 1,049 1.380 76
S3_C80-360_TC_2 — 563 — 0.019 531 0.694 959 1.311 78
S3_O80-360_TC_1 — 625 89 0.019 563 0.778 1,159 1.571 74
S3_O80-360_TC_2 — 654 — 0.022 540 0.591 996 1.301 67
S3_O80-360_NTC_1 — 613 88 0.019 446 0.500 1,163 1.596 74
S3_O80-360_NTC_2 — 650 — 0.020 769 0.938 989 1.311 70

Table 4. Results of direct tensile tests on the FRCM systems S4 (B2-NHL1), S5 (B3-NHL2), and S6 (AG-NHL2)

Sample Width (mm) σ1 (MPa)

σ1,i
σ1,REF

· 100 (%)
ɛ1 (%) σ2 (MPa) ɛ2 (%) σ3 (MPa) ɛ3 (%) E3 (GPa)

S4_REF_1 64 523 — 0.028 952 1.323 1,243 1.818 68
S4_REF_2 — 506 — 0.026 925 1.263 1,286 1.949 67
S4_REF_3 — 480 — 0.032 430 0.363 1,434 1.977 62
S4_C40-5_TC_1 — 533 95 0.031 670 0.769 1,306 1.744 76
S4_C40-5_TC_2 — 419 — 0.023 419 0.306 1,368 1.823 70
S4_C50-5_TC_1 — 350 68 0.021 452 0.489 1,201 1.649 74
S4_C50-5_TC_2 — 330 — 0.018 971 1.345 1,151 1.606 78
S4_C80-5_TC_1 — 305 66 0.015 270 0.352 1,136 1.638 73
S4_C80-5_TC_2 — 359 — 0.021 359 0.400 1,157 1.515 74
S4_C80-360_TC_1 — 420 74 0.019 727 1.059 1,176 1.780 75
S4_C80-360_TC_2 — 326 — 0.016 746 1.113 1,246 1.798 75
S4_O80-360_TC_1 — 464 81 0.024 951 1.237 1,140 1.515 76
S4_O80-360_TC_2 — 355 — 0.018 734 0.862 1,311 1.716 77
S4_O80-360_NTC_1 — 478 95 0.025 1,059 1.286 1,318 1.708 76
S4_O80-360_NTC_2 — 476 — 0.024 474 0.514 1,403 1.977 77
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homogenized with respect to the mortar matrix. This stress was
plotted against temperature, as shown in Fig. 14, considering
only the results from tests performed inside the thermal chamber,
given the uncertainties about the temperature of the FRCM cou-
pons during the other tests. Clear trends were observed for

FRCM System S1, where the CEM matrix was adopted, and S2
and S4, with the NHL1 matrix [Figs. 14(a, b, and d ) respectively],
with values of σmx strongly decreasing as the temperature in-
creased. For Systems S5 and S6, realized with the mortar NHL2,
a clear tensile stress trend in the mortar matrix at first cracking

Table 4. (Continued.)

Sample Width (mm) σ1 (MPa)

σ1,i
σ1,REF

· 100 (%)
ɛ1 (%) σ2 (MPa) ɛ2 (%) σ3 (MPa) ɛ3 (%) E3 (GPa)

S5_REF_1 68 558 — 0.018 702 0.886 1,273 1.914 55
S5_REF_2 — 542 — 0.015 1,019 1.433 1,132 1.606 56
S5_REF_3 — 521 — 0.017 509 0.452 1,161 1.609 56
S5_C40-5_TC_1 — 318 57 0.009 711 0.958 1,116 1.739 57
S5_C40-5_TC_2 — 296 — 0.008 508 0.571 1,194 1.791 62
S5_C50-5_TC_1 — 476 94 0.016 602 0.709 1,171 1.716 61
S5_C50-5_TC_2 — 534 — 0.018 547 0.793 1,111 1.835 59
S5_C80-5_TC_1 — 438 85 0.015 887 1.174 1,292 1.811 64
S5_C80-5_TC_2 — 485 — 0.017 488 0.626 1,197 1.726 63
S5_C80-360_TC_1 — 486 84 0.005 613 0.720 976 1.382 65
S5_C80-360_TC_2 — 418 — 0.027 569 0.766 987 1.480 60
S5_O80-360_TC_1 — 402 65 0.015 880 1.211 1,241 1.725 61
S5_O80-360_TC_2 — 303 — 0.010 729 1.043 1,068 1.662 63
S5_O80-360_NTC_1 — 394 80 0.013 979 1.242 1,295 1.780 61
S5_O80-360_NTC_2 — 472 — 0.015 648 0.719 1,261 1.664 65

S6_REF_1 64 573 — 0.020 1,227 1.349 1,648 1.876 82
S6_REF_2 — 456 — 0.015 849 0.870 1,806 2.006 83
S6_REF_3 — 617 — 0.023 915 0.974 1,721 2.006 82
S6_C40-5_TC_1 — 419 85 0.030 695 0.786 1,428 1.824 81
S6_C40-5_TC_2 — 515 — 0.020 847 0.824 1,399 1.377 88
S6_C50-5_TC_1 — 677 105 0.030 1,247 1.534 1,469 1.878 85
S6_C50-5_TC_2 — 475 — 0.017 1,142 1.279 1,578 1.832 84
S6_C80-5_TC_1 — 562 85 0.035 812 1.053 1,756 2.086 85
S6_C80-5_TC_2 — 372 — 0.030 755 0.894 1,545 1.797 83
S6_C80-360_TC_1 — 558 111 0.027 1,162 1.037 1,422 1.348 82
S6_C80-360_TC_2 — 659 — 0.034 1,205 0.830 1,680 1.431 83
S6_O80-360_TC_1 — 513 103 0.019 1,381 1.437 1,608 1.753 87
S6_O80-360_TC_2 — 618 — 0.022 1,332 1.272 1,513 1.547 84
S6_O80-360_NTC_1 — 657 96 0.023 1,113 1.270 1,440 1.636 82
S6_O80-360_NTC_2 — 397 — 0.019 907 0.874 1,828 1.991 85

(a) (b) (c) (d)

Fig. 11. Representative failure modes for tests at ambient temperature: (a) S1 (S-CEM); (b) S2 (S-NHL1); (c) S3 (B1-NHL1); and (d) S4 (B2-NHL1).
Arrows indicate the transverse cracks.
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was not recognizable and correlation with the temperature could
not be established.

Effect of Fiber and Grid Properties on the Stress
at First Cracking

Fig. 15 shows a comparison between the performances of different
mortar matrices with the objective of analyzing the effects of the
fiber or grid properties on the stress at first cracking. Only tests con-
ducted in the thermal chamber for FRCM systems with mortar ma-
trices NHL1 and NHL2 were considered here because they allowed
comparisons to be adopted in more than one FRCM system. The
average value of the stress in the mortar matrix at first cracking,
σmx, was evaluated for the different target temperatures. As far as
the mortar matrix NHL1 [Fig. 15(a)] is concerned, similar results,
in terms of σmx, were obtained for Systems S3 and S4 at the same
temperature. Slight differences may be due to small variations in

terms of weight density, bundle spacing, and axial stiffness. At
the target temperature of 40°C, a higher dispersion on the results
at first peak was registered. Significantly lower values of σmx
were instead observed for System S2 for all the target temperatures,
highlighting the fact that the stress at first cracking depended not
only on the mortar matrix properties, but also on the fiber or grid
characteristics. These differences can be explained by (1) the intrin-
sic dissimilarities between the systems, that is, unidirectional fibers
(S2) or bidirectional grids (S3 and S4), the latter also characterized
by the presence of transversal bundles; and (2) the differences in
terms of the axial stiffness of those fibers, which could influence
the development of the cracking process.

The results for stress in the mortar matrix at first cracking σmx for
Systems S5 and S6 [Fig. 15(b)], in which the mortar matrix NHL2
was adopted, were in general quite similar. Small differences can be
related to variations in the grid properties of the two systems, as dis-
cussed for the mortar matrix NHL1 (Systems S3 and S4).

(a) (b) (c) (d)

Fig. 12. Representative failure modes for tests after heating inside the thermal chamber: (a) S1 (S-CEM); (b) S2 (S-NHL1); (c) S3 (B1-NHL1); and
(d) S4 (B2-NHL1). Arrows indicate the transverse cracks.

(a) (b) (c)

Fig. 13. Thermal images of an FRCM coupon subjected to long-term exposure in the oven and tested at ambient temperature: (a) beginning of the
test; (b) first mortar matrix cracking; and (c) end of the test.
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Discussion About Qualification Procedures

The performance assessment of FRCM systems subjected to ther-
mal variations was based on a comparison between the results of
conditioned and unconditioned samples; this is referred to here as
the qualification procedure. The procedure be carried out consider-
ing either a “performance” approach, based on a comparison of the
results in terms of strength parameters only, or by requiring that the
entire tensile response of conditioned FRCM systems be suffi-
ciently close to that of unconditioned ones. In both cases, to qualify
an FRCM system for structural purposes, specific ranges with re-
spect to the results of the reference samples should be assigned,
within which either the ultimate strength or the stress versus strain
curve of the conditioned samples should fall. The qualification pro-
cedure for the FRCM systems reported in the Italian guidelines
(CSLP 2018) follows the latter approach and prescribes that the av-
erage axial stress versus strain curve of the thermally conditioned
samples must not deviate more than ±15% from the reference
curve, which was the average axial stress versus strain curve of
the same FRCM system tested at ambient temperature. In light of
the obtained results, and also considering the comparison between
average curves for thermally conditioned FRCM systems reported
in previous research (Ferretti et al. 2022), it was believed that the
comparison between the mechanical properties of conditioned
and reference samples should be more focused on the fully cracked
phase rather than the initial phases of the tests, thus following a

(a) (b)

(c) (d)

(e) (f )

Fig. 14. Tensile stress on the mortar matrix at first cracking versus temperature for the FRCM system: (a) S1 (S-CEM); (b) S2 (S-NHL1); (c) S3
(B1-NHL1); (d) S4 (B2-NHL1); (e) S5 (B3-NHL2); and (f) S6 (AG-NHL2).

(a)

(b)

Fig. 15. Comparison between tensile stress on the mortar matrix at first
cracking for FRCM systems with (a) mortar matrix NHL1; and
(b) mortar matrix NHL2.
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performance approach. Indeed, the axial stress and strain values of
the cracking phase, which deviated most from the reference results
with respect to the values in the fully cracked phase, are not specif-
ically taken into account for design purposes. Therefore, a qualifica-
tion procedure proposal could be to limit comparisons to the value of
the ultimate tensile strength, which should not deviate more than
±15% from the average tensile strength of the reference samples.

Conclusions

The experimental campaign presented in this paper was aimed at
studying the effects of thermal variations on the tensile behavior
of FRCM systems by performing direct tensile tests on FRCM cou-
pons subjected to different thermal conditioning procedures. The
typical trilinear constitutive law characterizing the tensile behavior
of FRCM samples was obtained for the conditioned samples; the
effect of the applied thermal variations was more evident in the
first phases of the tests, that is, the uncracked and the cracking
phases. In the fully cracked phase, however, the role of the fibers
was prevalent, and the behavior of the samples was not strongly af-
fected by thermal variation.

The effect of temperature in the cracking phase was also studied
by computing the stress on the mortar matrix at first cracking, con-
sidering the cross-sectional area of the FRCM samples homoge-
nized with respect to the mortar matrix. This stress value was
plotted against temperature, which obtained interesting trends for
some of the tested FRCM systems, with stress decreasing signifi-
cantly as the temperature increased. More tests are recommended
to better analyze the effect of temperature on mortar matrix behav-
ior, and in considering its composition and the presence of organic
components within the mortar mix. It was also observed that the
characteristics of the unidirectional and bidirectional fibers influ-
enced the stress at first cracking, depending on their weight density
and bundle spacing, on the presence of transversal bundles (bidirec-
tional grids), and on the axial stiffness of the fibers.

The performances of the investigated FRCM systems were also
analyzed with reference to the thermal conditioning procedures in-
volving either the use of an oven for the heating phase or the use of
a thermal chamber both for heating and testing. Tests showed that
when the FRCM coupons were removed from the oven, their tem-
perature decreased quite rapidly due to the thinness of the speci-
mens. Therefore, to reliably evaluate the effect of temperature on
FRCM tensile behavior, the use of a thermal chamber for the dura-
tion of the tests, both for the heating and the testing phases, is rec-
ommended. The exposure period at constant temperature could be
reduced with respect to that adopted here for long-term exposure,
since no significant differences were observed between samples
tested at 80°C with long- or short-term exposure.

Finally, it was suggested that, for qualification purposes, com-
parisons between the performances of unconditioned and condi-
tioned samples should be limited to the fully cracked phase,
since this is the one considered for design purposes.

Even though testing a greater variety of FRCM systems could
provide more information regarding the effect of temperature on
the first phases of the test (cracking), the study allowed the authors
to capture the overall behavior and performances at failure, sup-
porting the robustness of the findings.
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