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A B S T R A C T

Fibre Reinforced Cementitious Matrix (FRCM) systems have been widely used as an effective 
method for retrofitting existing structures. However, their durability against environmental ac
tions remains partially unsolved. A comprehensive experimental study was carried out to 
investigate the influence of different temperature levels on the mechanical properties of two 
FRCM systems. The first system was composed of a combination of aramid and glass fibres as 
reinforcing textile, while the second system was strengthened with glass fibres only. Tests were 
carried out on dry bundles and textiles, mortar prisms, FRCM coupons and single-lap direct shear 
specimens. A specific thermal procedure was developed and employed to control the conditioning 
and testing phases. To investigate the impact of temperature exposure on the tensile and bond 
behaviour of the FRCM systems, capacity retention rates were evaluated and, in general, a 
decreasing trend was registered in terms of peak axial stress vs temperature. In terms of tensile 
properties, a similar negative impact of temperature was registered for both systems, with ca
pacity retention rates ranging between 60 % and 70 % at the highest temperature levels tested. In 
terms of bond behaviour, temperature variations can potentially trigger a change in the failure 
mode, which was more pronounced for the system containing only glass fibres, for which lower 
retention rates were recorded, with a maximum reduction to 50 % at the highest temperature. The 
obtained outcomes demonstrated how even mild temperatures can potentially affect the tensile 
strength of these systems as well as their bond capacity when applied on masonry substrates.

1. Introduction

In recent years, the destruction caused by major earthquakes has brought attention to the seismic vulnerability of built heritage. 
The topic is especially significant in countries with a cultural heritage largely composed of degraded masonry structures [1–7]. This 
immense legacy must be properly preserved and maintained by applying appropriate strengthening techniques and systems. Firstly, 
Fiber Reinforced Polymer (FRP) composite system emerged as a valid solution to enhance the load bearing capacity of existing 
structures, with a large number of studies that concentrated on analysing the debonding mechanism of the interface between the 
reinforcement and the substrate [8–12]. However, these retrofitting solutions were characterised by a low vapour compatibility and 
irreversibility of application. For this reason, FRCM systems recently emerged as a valid alternative, characterised by a high 
strength-to-weight ratio and optimal compatibility with masonry substrates. They are typically applied in thin layers (ranging from 5 
to 25 mm, depending on the number of adopted layers [13]) on the surface of masonry elements and are primarily made of two 

* Corresponding author.
E-mail addresses: matteo.canestri2@unibo.it (M. Canestri), francesca.ferretti10@unibo.it (F. Ferretti), claudio.mazzotti@unibo.it (C. Mazzotti). 

Contents lists available at ScienceDirect

Journal of Building Engineering

journal homepage: www.elsevier.com/locate/jobe

https://doi.org/10.1016/j.jobe.2025.112072
Received 15 April 2024; Received in revised form 26 January 2025; Accepted 7 February 2025  

Journal of Building Engineering 103 (2025) 112072 

Available online 8 February 2025 
2352-7102/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:matteo.canestri2@unibo.it
mailto:francesca.ferretti10@unibo.it
mailto:claudio.mazzotti@unibo.it
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2025.112072
https://doi.org/10.1016/j.jobe.2025.112072
http://creativecommons.org/licenses/by/4.0/


components: a mortar matrix, which may be lime- or cement-based, and a composite fibre textile made of various possible materials, 
such as carbon, Alkali-Resistant (AR) glass, aramid, basalt, steel or Poly-paraphenylene-benzo-bisoxazole (PBO).

The positive effects of these strengthening interventions were demonstrated and confirmed by several authors in a large number of 
studies [14–29], in which the in-plane or out-of-plane behaviour of masonry walls was analysed by means of experimental tests, with 
static or cyclic loading configurations. Moreover, the confinement effect provided by FRCM systems applied with single or multiple 
layers to masonry columns, according to different layout configurations, was also investigated with experimental and numerical 
analyses, proving the effectiveness of the strengthening solution [30–35].

Many real-world applications of these systems can be found on the exterior surfaces of buildings, with minimal protection from the 
potential effects of aggressive environments, such as freeze/thaw cycles, humidity, rainfall, and saline or alkaline attacks. For this 
reason, several recent experimental campaigns concentrated their efforts on studying the durability of these materials, especially when 
exposed to long-term environmental agents [36–40].

Another crucial aspect that is still being researched in the scientific literature is the residual efficiency of these retrofitting solutions 
after exposure to high temperature changes, such as those occurring in case of fire. The tensile behaviour of FRCM coupons reinforced 
with carbon fibres was studied at 200 ◦C and 400 ◦C [41], discovering that the behaviour of thermally conditioned uncoated carbon 
fibres could be improved by adding micro-steel and amorphous metallic fibres inside the mortar matrix. On the same typology of FRCM 
system, tensile tests were conducted at 200 ◦C, 300 ◦C and 400 ◦C and the impact of the number of fabric layers, thickness, and fibre 
orientation on the residual tensile behaviour was assessed [42]. Two separate experimental studies [43,44] were conducted to test the 
uniaxial tensile capacity of FRCM coupons reinforced with AR-glass at high temperatures. In the first study the influence of two distinct 
coating agents in the range 100–250 ◦C was investigated, while the effects of thermal cycles up to 600 ◦C on double layer configuration 
specimens were studied in the second work. The consequence of temperature exposure on the bond behaviour of FRCM systems 
reinforced with AR-Glass fibre was studied considering different bond lengths at three different temperature levels (100 ◦C, 200 ◦C and 
300 ◦C); ultimately highlighting a shift in the obtained failure mode [45]. The possible introduction of a lightweight matrix, typically 
distinguished by a reduced thermal conductivity, was investigated in a subsequent study, with samples exposed to 120 ◦C and 200 ◦C 
[46]. The residual behaviour of FRCM systems made by basalt, glass, steel, PBO and carbon fibres applied on masonry wallets was 
investigated in three different experimental campaigns, in which single-lap direct shear tests were performed at different temperatures, 
all falling within the 100–500 ◦C range [47–49]. In two cases, a strong decrease in the obtained peak load was observed while 
increasing the temperature level for all materials, while the failure modes appeared to be less affected by the heating process. 
Conversely, the bond capacity was found to be compromised and a shift of failure mode was ultimately obtained at high temperatures 
in the most recent study [49].

Nonetheless, even if these retrofitting techniques are often placed on the outer surfaces of structural elements, only few studies 
focused on analysing the impacts of solar radiation approximately within the temperature range between 30 and 80 ◦C. An overall 
comparison of the tensile behaviour of FRCM systems reinforced with steel, basalt and aramid-glass fibres at 40 ◦C, 50 ◦C and 80 ◦C was 
presented in Ref. [50]. The outcomes demonstrated that the effects of temperature were mainly concentrated in the uncracked and 
cracks development phase of the tests, while the final stage, where the behaviour is controlled by the embedded fibres, was less 
affected. An investigation was conducted to examine the impact of two distinct surface treatments on the tensile behaviour of FRCM 
coupons reinforced with carbon fibres being exposed to a temperature of 50 ◦C and 98 % humidity [51]. The Authors investigated the 
effect of mild thermal exposure (between 32 ◦C up to 80 ◦C) on a FRCM system characterised by basalt fibres, applied to masonry 
wallets and subjected to single-lap direct shear tests: the effect of the temperature increase was evident on both the peak stress as well 
as on the obtained failure modes, which shifted from fibre failure to a complete fibre slippage inside the mortar layers [52]. The novelty 
of the testing setup used in Ref. [52] consisted in carrying out the single-lap direct shear tests inside the thermal chamber used to 
generate the detrimental environment. In fact, the majority of the available studies investigated the residual capacity by testing the 
specimens at room temperature, after their cooling down post thermal exposure.

The literature review provided, along with the few state-of-the-art reviews available on this critical subject [53–55], clearly em
phasises the limited extension of current research in this field and identifies a significant knowledge gap that remains to be fully 
addressed. Additionally, the absence of a universally established testing protocol may obstruct meaningful comparisons of existing 
findings. For this reason, the development of a protocol is essential for standardizing research methodologies and enabling a more 
comprehensive assessment of the durability of these systems under temperature variations. In this research, the effect of mild tem
perature variations was studied on two FRCM systems, characterised by the use of reinforcing textiles made either with glass fibres only 
or by glass and aramid fibres. In a first step, the thermal conditioning was applied to the single components of the composite materials, 
thus investigating the thermal effects induced on their mechanical behaviour, i.e., tensile capacity for the dry textile; flexural and 
compressive strength for the mortar matrix. Subsequently, tensile tests and single-lap direct shear tests were also carried out on 
thermally conditioned FRCM coupons and FRCM-strengthened wallets, respectively. The paper aims to contribute to the data currently 
available on this topic, while providing an initial step toward the development of a standardised testing protocol.
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2. Materials properties

2.1. Fibres

The FRCM systems examined in this study were made by two different types of reinforcing fibres. The first type (called ARV in the 
following) was a textile made of a composition of aramid and AR glass fibres, characterised by a weight density of 250 g/m2 and 
featured two distinct equivalent thicknesses specified by the manufacturer: 0.031 mm in the warp direction and 0.049 mm in the weft 
direction. In more detail, in the warp direction, the bundles, 15 mm spaced, were composed alternatively by two yarns of glass fibres 
(ARV_G) and by one aramid and one glass yarn (ARV_A), as clearly illustrated in Fig. 1a. Instead, along the weft direction, a flat bundle 
made up of glass fibres was present, with a spacing equal to 18 mm. The yarns along the warp direction were wrapped around each 
other, while the yarns along the weft direction were simply incorporated into the weaving, without any kind of heat sealing. The 
second textile (named ZR) was composed of AR glass fibres evenly distributed in the two orthogonal directions (warp and weft), as 
illustrated in Fig. 1b. As declared by the manufacturer, the weight density was equal to 185 g/m2, the bundle spacing was 16.5 mm, 
and the equivalent thickness was equal to 0.029 mm along both directions. The bundles oriented in the weft direction were slightly 
flatter and wider than those oriented in the warp direction; bundles in the warp direction were simply hot joined to the weft bundles 
without using any sort of mutual winding. Finally, an organic coating was applied to each individual yarn of both textiles, prior to the 
textile weaving process.

Tensile tests were carried out to characterise the mechanical features of the two textiles in the warp direction by using a servo- 
hydraulic testing machine, with a 100 kN maximum load capacity. A displacement control regime was used, with a constant veloc
ity of 0.5 mm/min, according to the indications of the Italian Guidelines for the identification, qualification and acceptance control of FRCM 
composites to be used for the structural strengthening of existing constructions [56]. Averaged results between 2 tests are shown in Table 1 in 
terms of tensile strength (σu,f), ultimate strain (εu,f) and elastic modulus (Ef). For the ARV system, tensile tests were also conducted on 
bundle specimens (ARV_A and ARV_G), following the same Guidelines.

2.2. Mortar matrices

The two investigated fibre types are normally used for strengthening masonry elements in conjunction with lime-based mortar 
matrices. Two pre-mixed mortars were studied, one for each fibre type, both categorised by the producers as M15 according to the 
Standard EN 998–2:2016 [57]. Their mechanical properties were evaluated using standard testing methods from EN 1015–11:2020 
[58]. The flexural strength was obtained from 40x40x160mm3 specimens using the three-point bending test setup; afterwards, the 
compressive strength was evaluated from uniaxial compression tests on the prisms obtained from the flexural tests. After 28 days of 
curing in a controlled environment (T = 22 ◦C ± 1 ◦C, RH = 60 % ± 5 %), the mortar matrix related to the ARV system (named NH1 in 
the following) was characterised by a density ρm = 1871 kg/m3 (CoV 1.4 %), a flexural tensile strength fm,fl = 6.70 MPa (CoV 6.2 %) 
and a compressive strength fm,c = 20.21 MPa (CoV 4.1 %). For the mortar matrix of the ZR system (named NH2 in the following), the 
density was equal to 1605 kg/m3 (CoV 1.4 %), while the flexural tensile strength and the compressive strength were equal to 6.75 MPa 
(CoV 4.3 %) and 16.98 MPa (CoV 3.4 %), respectively.

2.3. Masonry substrate

The mechanical properties of the bricks and mortar adopted for the construction of the masonry wallets to be used for the single-lap 
direct shear tests were obtained through standard methods. Cylindrical samples, having diameter and height equal to 50 mm, were 
cored from the bricks: 12 samples were tested under uniaxial compression following the requirements imposed by EN 772–1:2011 
Standard [59], while 12 samples were subjected to a Brazilian test, according to EN 12390–6:2009 Standard [60]. The obtained brick 
compressive strength fb,c was equal to 18.7 MPa (CoV 5.3 %), while the brick tensile strength (fb,t) was 3.1 MPa (CoV 15.3 %). Three 
further samples, characterised by the same diameter and by a height of 125 mm, were subjected to cyclic compression tests (EN 
12390–13:2013 [61]) for the determination of the brick elastic modulus (Eb) which resulted equal to 6.9 GPa (CoV 3.9 %). The mortar 

Fig. 1. Bundle spacing in warp and weft directions for the textiles: (a) ARV system, (b) and ZR system.
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underwent the same mechanical characterization procedure described in Section 2.2. A flexural strength (fm,fl) equal to 1.5 MPa (CoV 
15 %) and a compressive strength (fm,c) equal to 4.8 MPa (CoV 12.5 %) were obtained.

3. Testing methods

In the present research, different types of specimens were manufactured and tested after being exposed to controlled thermal 
variations, following a specific conditioning protocol. The details of the manufacturing process for all these specimens, the thermal 
protocol employed, and the specifics of each test setup are described in this paragraph, while Fig. 2 provides a visual overview of the 
entire experimental campaign.

3.1. Specimen preparation

As previously introduced, tensile tests were performed on bundles, textiles and FRCM coupons, at different temperature levels. An 
overview of the geometrical dimensions of the samples is depicted in Fig. 3, where s is the thickness of the FRCM coupon and all the 
dimensions are specified in mm. Bundles were extracted for the ARV system only, while textile specimens were composed, for both 
FRCM systems, by four individual bundles along the warp direction. Textiles, having the same dimensions, were embedded between 
two 5-mm-thick mortar layers to manufacture FRCM coupons, following the suggestions of the RILEM TC 250-CSM [62]. An epoxy 
resin, capable of withstanding high-temperature variations after the polymerization process, was used to apply FRP tabs at both ends of 
all specimens with the aim of ensuring a homogeneous stress distribution between the individual bundles during the tensile test and 
avoiding local failures of the matrix in the FRCM coupons, caused by the pressure of the hydraulic grips of the testing machine.

Masonry prisms used for the single-lap direct shear specimens were manufactured by stacking 6 fired-clay bricks (120x250x55 
mm3), coupled together by 10 mm mortar joints. These masonry wallets were prepared and left curing inside a controlled environment 
for 28 days (T = 22 ◦C ± 1 ◦C, RH = 60 % ± 5 %) before being reinforced on one side with a composite strip, creating the standard 
single-lap direct shear specimen, with a bonded length equal to 300 mm for all specimens (Fig. 4). At the textile-to-matrix interface, the 
measuring tip of a thermocouple was embedded during the casting stage, with the aim of monitoring the temperature during all stages 
of the tests. The unbonded dry textile, 430 mm long, was impregnated with the same thermal resistant epoxy resin and strengthened 
with FRP tabs within the gripping area. It should be noted that the number of bundles included in the FRCM reinforcing strip was the 
same as the one adopted for tensile tests.

The specimens tested in this experimental campaign were identified by using the following notation: XX_YY_AA_n, where “XX” 
represented the tested material, i.e., either ARV or ZR, as previously mentioned; “YY” indicated the type of test: tensile test on textiles 
(TT), on bundles (BT) or on FRCM coupons (FT) and single-lap direct shear tests (DS). “AA” was the target temperature at which the 
tests were carried out, and “n” represented the specimen number.

Table 1 
Textile and bundle tensile properties at 23 ◦C.

Fibre type Sample type Tensile strength σu,f (MPa) Ultimate strain εu,f (%) Elastic modulus Ef (GPa)

ARV Textile 2036 2.17 90.9
ARV_A Bundle 2550 2.21 137.8
ARV_G Bundle 1351 2.49 69.7
ZR Textile 1202 1.69 83.3

Fig. 2. Overview of the experimental campaign.
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3.2. Thermal conditioning protocol

To apply a controlled thermal conditioning to the different specimens, a climatic chamber was used. This device enabled accurate 
regulation of the temperature level inside its enclosed space, within its operating working range of − 129 ◦C and +315 ◦C. The 
temperature levels studied for the ARV system were 23, 60, 80, 110 and 140 ◦C, whereas the temperature levels explored for the ZR 
system were 23, 60, 80 and 110 ◦C. These conditioning environments were first applied to the constituents of the two FRCM systems for 
the evaluation of the tensile strength of the dry textile and bundle samples, together with the evaluation of the tensile and compressive 
strength of mortar matrix prisms. Subsequently, the tensile capacity of the FRCM systems was assessed through tensile tests on 
conditioned specimens, while their bond behaviour was studied through single-lap direct shear tests. All the tests were performed with 
the specimens inside the climatic chamber, with the goal of controlling the temperature level even during the test phases. In fact, the 
presence of the hydraulic grip inside the climatic chamber enabled testing at the required temperature without needing to open the 
door, thus preserving the continuity of the conditioning process. Furthermore, the heating process was not static, with an internal air 
circulation system activated to evenly distribute the heat. Preliminary experiments were conducted by placing a specimen inside the 
chamber, along with multiple thermocouples to measure the temperature at various points, confirming the uniformity of the heating 
process.

For the dry textile and bundle specimens, a constant heating gradient of 30 ◦C/h was imposed and the tests started when the target 
temperature (Ttarget), inside the thermal chamber, was reached. In fact, it is credible to consider that the temperature of the dry textile 
quickly increases as the temperature of the climatic chamber increases. Secondly, tests on mortar specimens were executed once the 
temperature at mid-height of the specimens reached 95 % of the target temperature, a K-type thermocouple sensor was embedded 

Fig. 3. Geometrical dimensions (in mm) of: (a) textile, (b) bundle, (c) FRCM coupon.

Fig. 4. Preparation of single-lap direct shear specimens: (a) construction of the wallets, (b) casting of the first mortar layer and positioning of the 
reinforcement, (c) impregnation of the unbonded textile with epoxy resin, (d) finished sample with thermocouple.

Table 2 
Thermal conditioning protocols for different specimens.

Specimen type Heating rate (◦C/h) Exposure time definition (from the end of the heating phase)

Dry textile or single bundle 30 –
Mortar specimens 30 95 % of Ttarget is reached inside prisms
FRCM coupon 30 95 % of Ttarget is reached at interface mortar-textile
Single-lap direct shear test specimen 30 95 % of Ttarget is reached at interface mortar-textile
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inside the mortar prisms and used to control the conditioning process. Subsequently, the conditioning process adopted for the FRCM 
coupons was chosen identical to the one adopted for the single-lap direct shear tests, since the thicknesses and widths of the composite 
were exactly the same. As far as the single-lap direct shear tests are concerned, a novel method proposed by the Authors in a previous 
experimental investigation [52] was here applied. In particular, a heating phase characterised by a constant gradient of 30 ◦C/h was 
initially imposed inside the thermal chamber, to reach the target temperature. Subsequently, a constant temperature phase started, 
whose duration was controlled by the reading of the K-type thermocouple installed at the textile-mortar interface. All the single-lap 
direct shear tests started as soon as the temperature registered by the thermocouple reached 95 % of the target one. The time elapsed 
between the start of the constant temperature phase and the beginning of the test was defined as exposure time, while the total duration 
included also the heating and the testing phases. Table 2 provides details of the heating rate and exposure time employed in the present 
study for the different specimen types.

3.3. Tensile test setup

The direct tensile tests were performed with a class 0.5 load cell-equipped servo-hydraulic testing machine with a 100 kN maximum 
load capacity. A displacement control regime with a constant velocity was imposed to all samples. In particular, following the pre
scription of the Italian Guidelines [56].

], tests on single bundle specimens and on dry textiles were conducted at 0.5 mm/min, while a variable velocity was assumed for 
the FRCM coupons: in the first uncracked phase, a speed of 0.2 mm/min was employed, which was then raised to 0.5 mm/min once the 
cracking phase was completed. The axial stress was obtained by dividing the registered load by the textile area for both specimen types. 
To measure the strain levels obtained during the testing phases, an extensometer, class 0.5 according to ISO 9513 [63], was applied in 
the middle of the specimens with a gauge length of 100 mm for the dry bundle and textile specimens and 200 mm for the FRCM 
coupons. An example of the adopted setup, for a FRCM textile and a coupon, is presented in Fig. 5.

3.4. Single-lap direct shear test setup

The bond tests of this experimental campaign were conducted with a single-lap direct shear configuration (Fig. 6), in accordance 
with the prescriptions of the Italian Guidelines [56] and the suggestions of the RILEM Technical Committee 250-CSM [62]. In this 
setup, the unbonded textile is pulled by the servo-hydraulic actuator of the testing machine, having the same characteristics described 
in Section 3.3, with a displacement rate of 0.2 mm/min. The masonry wallets were retained and held in place by a rigid steel frame, as 
shown in Fig. 6. The relative displacement between the unbonded textile and the substrate, named global slip in the following, was 
measured by two 20 mm Linear Variable Displacement Transducers (LVDT), fixed to the wallet and put in contact with an L-shaped 
aluminium plate, glued on the impregnated textile at the end of the bonded area.

When performing a single-lap direct shear test, different failure modes can be potentially obtained, depending on the characteristics 
of the substrate and the properties of the FRCM systems employed [64–66]: (i) debonding of the reinforcement strip with detachment 
of the substrate (DB), (ii) failure at the substrate-to-matrix interface (SM), (iii) complete rupture of the fibres just outside the bonded 
area (FR) or (iv) inside the composite strip (FM), (v) delamination at the textile-matrix interface (MT), (vi) complete slippage of the 
fibres within the mortar matrix (FS).

Fig. 5. Setup adopted for the direct tensile tests: (a) textile; (b) FRCM coupon.
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4. Results

4.1. Aramid-glass FRCM system

4.1.1. Tensile tests on fibre bundles and textiles
For the ARV system, tensile tests were performed on bundle specimens composed by aramid and glass fibres yarns (A), on bundle 

specimens composed by glass fibers yarns only (G), and on aramid-glass textiles. The results of all the tests, 2 for each temperature 
level, are presented in Fig. 7.

Both glass (G) and aramid-glass (A) fibres bundle specimens showed an initial linear elastic stage followed by an irregular stage in 
which the two longitudinal yarns of the bundle unwound between one another, as depicted in Fig. 8. As a result, this phase was 
characterised by a plateau, in a deformation range approximately between 0.2 and 0.6 %. Subsequently, a hardening phase can be 
detected and, eventually, all tests reached the peak axial stress with a new linear elastic branch, characterized by a stiffness higher than 
that of the first branch. The elastic moduli reported in Table 3 were evaluated in this final stage. Textile specimens, instead, failed 
without any progressive untangling of the individual yarns, due to the stabilising effect offered by the fibres along the weft direction. 
They reached the tensile failure with a single linear elastic behaviour. In Table 3, the average results obtained in the tensile tests are 
provided for each temperature level examined, in terms of tensile strength (σu,f), elongation at failure (εu,f) and elastic modulus (Ef).

For each mechanical property, the Capacity Retention Rate (CRR) was assessed by using the following expression, in accordance 
with the instructions of the international standard ISO10406-1 [67]: 

RA =

(
AT

AT0

)

• 100 (1) 

where AT represents the general experimental property at a given temperature T and AT0 the corresponding property at ambient 
temperature (T0 = 23 ◦C), used as a reference.

The temperature exposure clearly affected the tensile capacity of both the individual bundles and the textiles, with a comparable 
trend in terms of capacity retention rates between the two types. Deformability and stiffness of the specimens were also affected by the 
thermal conditioning process, but with slightly higher retention rates compared to those characterising the tensile strength.

4.1.2. Flexural and compressive tests on mortars
In order to investigate the flexural and compressive strength of the mortar matrix adopted for the ARV system (NH1), a series of 

three-point bending tests and compression tests were carried out following the procedure reported in Section 2.2. A total of 25 mortar 
specimens were tested, 5 for each temperature level investigated. Average values of compressive strength (fm,c) and flexural strength 
(fm,fl) obtained from the tests are reported in Table 4, alongside the respective coefficients of variation (CoV in parenthesis).

Fig. 9 depicts the trend of the average compressive and flexural strengths against the target temperature of the tests, as well as the 

Fig. 6. Single-lap direct shear test setup.
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respective capacity retention rates. It can be noticed that a significant strength reduction was already obtained at 60 ◦C, whereas the 
reduction was essentially constant from 80 to 140 ◦C; this behaviour was observed for both compression and flexural test results.

Flexural and compressive tests were also conducted on the lime-based mortar used in the construction of the masonry wallets, 
which served as the substrate for the single-lap direct shear specimens. The effect of temperature in this case was negligible, with the 
CRR being 94 % for flexural strength and 97 % for compressive strength at the highest temperature level investigated (140 ◦C), values 
that fall within the range of statistical variation of the results.

4.1.3. Tensile tests on FRCM coupons
Tensile tests on FRCM coupons were performed following the test procedure described in Section 3.3, a total of 2 different tests for 

each temperature level. The stress vs strain curves are reported in Fig. 10. In Table 5, average axial stress (σu) and strain (εu) at failure 
are enlisted for each target temperature, together with the slope of the final branch (Ef) and their respective capacity retention rates.

The tensile strength of the FRCM coupons was already affected at 60 ◦C, with a residual capacity equal to 73 % of the reference one. 
The lowest value was reached for a target temperature equal to 110 ◦C, corresponding to 59 % of the strength of the samples tested at 
ambient temperature. The thermal conditioning had a lower impact on the deformability of the coupons, while the elastic modulus in 

Fig. 7. ARV system: stress vs strain curves for tensile tests on bundle specimens (a, b) and textiles (c).
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the third stage was the property that was least affected, retaining 89 % of its capacity at a temperature of 140 ◦C. In comparison to the 
elastic modulus obtained for the dry fibre textiles (see Table 3), the values were slightly lower (90 %) at all temperature levels, except 
for a temperature of 140 ◦C, for which very similar values were registered.

4.1.4. Single-lap direct shear tests
In order to evaluate the bond behaviour of the ARV system applied to a masonry substrate, 2 single-lap direct shear tests were 

carried out at each temperature. The protocol that was implemented adhered to the indications provided in Section 3.2 and the 
acquisition of the temperature at the textile-mortar interface allowed to control the conditioning process. A recap of the exposure time 
and the total duration of the tests is presented in Table 6 for each target temperature studied.

Fig. 8. Progressive unwinding of glass and aramid yarns (ARV_BT_A tests).

Table 3 
ARV system: experimental results of the tensile tests on textile and bundle specimens.

Specimen type Target temperature (◦C) Tensile strength Ultimate strain Elastic modulus

σu,f (MPa) CRR σu,f (%) εu,f (%) CRR εu,f (%) Ef (GPa) CRR Ef (%)

BT_A 23 2550 100 2.22 100 135.4 100
60 2504 98 2.36 106 134.2 99
80 2100 82 2.12 96 127.5 94

110 2009 79 2.21 99 119.3 88
140 1840 72 2.10 94 110.3 81

BT_G 23 1351 100 2.23 100 75.9 100
60 1233 91 2.12 95 68.2 90
80 1213 89 2.24 101 64.7 85

110 985 73 1.96 88 62.9 83
140 876 65 1.79 80 61.6 81

TT 23 2036 100 2.17 100 90.9 100
60 1993 98 2.17 100 90.3 99
80 1896 93 2.12 98 84.9 93

110 1458 72 1.77 81 82.6 91
140 1239 61 1.68 77 73.8 81

Table 4 
NH1 mortar: compressive and flexural strength at different target temperature.

Target temperature (◦C) Compressive strength Flexural strength

fm,c (MPa) CRR fm,c 

(%)
fm,fl (MPa) CRR fm,fl 

(%)

23 20.21 (4.1 %) 100 6.70 (6.2 %) 100
60 17.68 (6.2 %) 87 3.61 (9.5 %) 54
80 15.36 (8.0 %) 76 3.00 (12.5 %) 45
110 16.60 (6.3 %) 82 3.62 (8.9 %) 54
140 15.74 (3.8 %) 78 3.26 (7.4 %) 49
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Fig. 11 shows the development of the conditioning process by comparing the imposed temperature inside the thermal chamber 
(dashed lines) with the thermocouple sensor readings (continuous lines). The heating process, inside the composite, was relatively fast 
in the initial hours of exposure, while it became noticeably slower as the hours passed, and it took a significant amount of time to 
asymptotically reach the chosen threshold, i.e., 95 % of the target temperature. The start (◆) and ending (▴) points of the tests are also 
reported in Fig. 11.

The experimental results of the single-lap direct shear tests are shown in Fig. 12 in terms of axial stress vs global slip curves, and 
data are reported in Table 7, in terms of peak load (Fb), peak axial stress (fb), obtained failure mode and capacity retention rates. From 
Fig. 12, it can be noticed that a first linear elastic branch was obtained for all the investigated temperature levels. Subsequently, once a 
certain level of stress was reached, a decrease in stiffness was observed, more significant at lower temperatures, with minimal variation 
observed at 110 ◦C and 140 ◦C. This shift in deformability might be related to the onset of the debonding phenomena at the textile 

Fig. 9. NH1 mortar: flexural and compressive mortar strength vs temperature.

Fig. 10. ARV system: stress vs strain curves for tensile tests on FRCM coupons.

Table 5 
ARV system: experimental results of tensile tests on FRCM coupons.

Target temperature (◦C) Stress at failure Strain at failure Third stage elastic modulus

σu (MPa) CRR 
σu (%)

εu (%) CRR 
εu (%)

Ef (GPa) CRR 
Ef (%)

23 1764 100 2.02 100 82.2 100
60 1281 73 1.41 70 80.3 98
80 1229 70 1.49 74 75.5 92
110 1035 59 1.67 83 72.2 88
140 1191 68 1.68 83 73.5 89

Table 6 
ARV system: exposure time and total duration of the single-lap direct shear tests.

Target temperature (◦C) Exposure time (min) Total duration (min)

23 – 20
60 315 420
80 340 500
110 280 500
140 400 700
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mortar interface in the portion close to the loaded end. Subsequently, thanks to the interlocking mechanism between the longitudinal 
and the transversal bundles, an increase in stiffness was noticed up to the peak. Samples tested at 23 ◦C experienced a fragile failure 
after the peak, related to the tensile rupture of the fibres. Samples tested at a higher temperature, instead, were characterized by a drop 
in the load capacity and by a significant slip increase, corresponding to the propagation of the delamination. At this point, the stress 
values increased again for samples tested at 60 ◦C and 80 ◦C, probably due to the interlocking mechanism of the yarns and the mortar 
between the first and second transversal bundle. However, this mechanism seemed to be dependent on the effect of the temperature, 
since at high temperatures (at 110 ◦C and 140 ◦C), the stress increase was prevented and the delamination process continued after the 
peak, ultimately resulting in fibre slippage for some individual yarns and fibre breakage for others.

As far as the peak axial stresses were concerned, a reduction was already found at 60 ◦C, with a capacity retention rate equal to 83 
%. By further increasing the temperature level up to 140 ◦C, an additional capacity reduction was observed but limited to a total of 8 %, 
indicating a reducing effect of further temperature increase.

A representation of the two main failure modes obtained in the tests is shown in Fig. 13: the entire reinforcement strip is shown at 

Fig. 11. ARV system: temperature profiles vs time in single-lap direct shear specimen at different target temperatures.

Fig. 12. ARV system: axial stress vs global slip curves.

Table 7 
ARV system: single-lap direct shear test results.

ID Target Temperature (◦C) Peak Load Peak Axial Stress

Fb (kN) Average (kN) fb (MPa) Average (MPa) CRR fb (%) Failure Mode

DS_23_1 23 2.42 2.45 1299 1317 100 FR
DS_23_2 23 2.48 1336 FR
DS_60_1 60 1.90 2.04 1020 1096 83 FR
DS_60_2 60 2.18 1173 FR
DS_80_1 80 2.12 2.14 1142 1151 87 FR
DS_80_2 80 2.16 1159 FR
DS_110_1 110 1.53 1.90 822 1023 78 FS-FRa

DS_110_2 110 2.28 1224 FR
DS_140_1 140 1.94 1.83 1042 987 75 FS-FRa

DS_140_2 140 1.73 931 FS-FRa

a Mixed failure mode.
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failure, alongside magnified details of the failure zone. For samples tested at 23, 60 and 80 ◦C, the fibres failure was observed just 
outside the bonded area (Fig. 13a). Conversely, for samples tested at 110 and 140 ◦C, some individual yarns started to slip within the 
mortar. To prove this, the first layer of mortar was gently removed showing some displaced yarns at the end of the bonded strip, as can 
be observed in Fig. 13b. However, only some aramid and glass cords started to slip, without involving the full bundles, thus leading to a 
mixed failure mode.

4.2. Glass FRCM system

4.2.1. Tensile tests on fibre textiles
The constitutive behaviour of the dry fibre textiles, expressed in terms of stress vs strain curves for all the investigated temperature 

levels, obtained from two individual tests, is reported in Fig. 14. The peak failure load was obtained in all the tests after an initial linear 
elastic branch, which then became slightly non-linear when approaching the rupture.

In Table 8, the average values of the maximum tensile strength (σu,f), ultimate strain (εu,f) and modulus of elasticity (Ef) are reported 
for each temperature level investigated. For all the mechanical properties, their respective capacity retention rates were evaluated and 
reported.

A detrimental effect given by the temperature exposure on the tensile capacity was observed, with a capacity retention rate as low 
as 69 % for the 110 ◦C specimens. A similar effect was also observed on the ultimate strain and on the elastic modulus of the material, 
even if the latter was characterized by higher retention rates, compared to those characterising the tensile strength.

4.2.2. Flexural and compressive tests on mortars
A total of 16 mortar prisms were tested for the mortar associated with the ZR system (NH2), 4 for each temperature level inves

tigated. In Table 9, average values of compressive strength (fm,c) and flexural strength (fm,fl) are listed, alongside their respective 
coefficients of variation (in parenthesis).

Fig. 15 shows the relationship between the mortar strengths, i.e. compression and flexural, and the target temperature as well as the 
corresponding capacity retention rates. In comparison with the mortar of the ARV system, flexural and compression capacity were less 
affected by the temperature increase, with retention rates reaching 80 % only at 110 ◦C in the flexural tests.

As previously noted in Section 4.1.2, the compressive and flexural strength of the mortar used to build the masonry wallets was 
evaluated, revealing that temperature had a negligible influence on its properties.

4.2.3. Tensile tests on FRCM coupons
Tensile tests on FRCM coupons, 2 for each temperature level, were performed following the indications provided in Section 3.3, and 

the results are reported in Fig. 16 in terms of stress vs strain curves. In Table 10, values of stress and strain at failure were reported (σu, 
εu) alongside stiffness of the final branch of the curve (Ef). For these mechanical properties, capacity retention rates were also evaluated 
and reported.

A progressive impact on the tensile strength of the FRCM coupons was observed by increasing the target temperature, reaching a 
capacity retention rate equal to 63 % for the specimens tested at 110 ◦C. A strong reduction was also observed in terms of deformation 
at failure, which reached 63 % of εu at reference temperature at the highest temperature investigated. However, it was observed that 

Fig. 13. ARV system: characteristic failure modes in single-lap direct shear tests (a) fibre rupture (DS_23_1), (b) mixed failure mode (DS_110_1).
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the stiffness of the third branch was seemingly not affected by the heating treatment, conversely to the elastic modulus obtained on dry 
fibre textiles (Table 8). This result could be potentially explained by the positive shielding effect provided by the mortar layers, which 
resulted in being only slightly affected by the thermal exposure (Fig. 15).

4.2.4. Single-lap direct shear tests
In order to carry out the single-lap direct shear tests, the conditioning procedure described in Section 3.2 was used and the results in 

terms of exposure times and total duration of the tests are presented in Table 11.
Fig. 17 shows the temperature profiles inside both the environmental chamber (dotted line) and at the interface (continuous line) 

between the two components of the composite materials, obtained from the embedded thermocouple sensor. As can be deduced from 

Fig. 14. ZR system: experimental stress vs strain curves on textile specimens.

Table 8 
ZR system: experimental results on textile specimen.

Target temperature (◦C) Tensile strength Ultimate strain Elastic modulus

σu,f (MPa) CRR σu,f (%) εu,f (%) CRR εu,f (%) Ef (GPa) CRR Ef (%)

23 1202 100 1.69 100 83.3 100
60 1024 85 1.58 94 74.8 90
80 995 83 1.44 85 73.8 89
110 832 69 1.21 72 69.9 84

Table 9 
NH2 mortar: compressive and flexural strength of the mortar at different target temperature.

Target temperature (◦C)
Compressive strength Flexural strength

fm,c (MPa) CRR fm,c 

(%)
fm,fl (MPa) CRR fm,fl 

(%)

23 16.98 (3.4 %) 100 6.75 (4.3 %) 100
60 16.52 (8.5 %) 97 5.87 (4.3 %) 87
80 16.17 (5.9 %) 95 5.52 (0.9 %) 82
110 15.61 (6.4 %) 92 5.37 (5.9 %) 80

Fig. 15. NH2 mortar: flexural and compression mortar strength vs temperature.
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the curves, the heating process in the composite was initially rapid, but gradually slowed down over time, eventually taking a 
considerable length of time to approach the specified threshold.

The experimental curves, expressed in terms of axial stress vs global slip, are reported in Fig. 18, for each investigated temperature 
level. Additionally, in Table 12, values of peak load (Fb), peak axial stress (fb) and obtained failure mode are reported, alongside their 
respective capacity retention rates.

From the obtained experimental results, the stiffness of the samples was clearly affected and influenced by the temperature var
iations. Tests carried out at 23 ◦C and 60 ◦C showed a linear elastic behaviour followed by a slightly nonlinear phase until failure point 
was reached. Conversely, in the 80 ◦C and 110 ◦C specimens, a stiffness decrease was observed once a certain level of stress was 
reached, attributable to the progressive propagation of the delamination phenomena at the textile-mortar interface, with a mechanism 
similar to what was observed for the ARV system; however, no stress drop was recorded at 80 ◦C and failure occurred for fibre rupture 
outside the bonded area. For samples tested at 110 ◦C, the effect of temperature led to a global behaviour characterised by a pro
gressively increasing slip at an almost constant value of stress. Concerning the bond strength at the different temperatures, a significant 
decrease was obtained when increasing the temperature level, as can be seen in Table 12.

An example of the two main failure modes obtained with the ZR system is reported in Fig. 19, with an overview of the whole 
reinforcement strip and a detailed view of the bonded area. At 23, 60 and 80 ◦C, a tensile failure occurred in the textile just outside the 
loaded end of the reinforcement strip (Fig. 19a). However, at 110 ◦C a shift in the failure mode was observed, ultimately leading to a 
complete slippage of the fibre bundles inside the reinforcement strip (Fig. 19b). In fact, the weak connection between the two main 
directions of the textile, as previously described, was much affected by the temperature variation and the simple heat-sealing 
connection between the two was easily lost at 110 ◦C. Moreover, organic components inside the coating applied to the fibres, 
further weakened the interface between the two materials when exposed at high temperatures.

5. Comparison and discussion

To study the effect of temperature variations on the mechanical behaviour of FRCM systems, a comparison was made between the 
results of the tests on the dry textiles, on the FRCM coupons, and on the single-lap direct shear specimens. To enhance the comparison, 

Fig. 16. ZR system: experimental stress vs strain curves on FRCM coupons.

Table 10 
ZR system: experimental results on FRCM coupons.

Target temperature (◦C) Stress at failure Strain at failure Third stage elastic modulus

σu (MPa) CRR 
σu (%)

εu (%) CRR 
εu (%)

Ef (GPa) CRR 
Ef (%)

23 1214 100 1.52 100 83.7 100
60 1135 93 1.17 77 83.2 99
80 1036 85 1.31 86 84.4 101
110 760 63 0.95 63 84.7 101

Table 11 
ZR system: exposure time and total duration of the single-lap direct shear tests.

Target temperature (◦C) Exposure time (min) Total duration (min)

23 – 30
60 295 400
80 345 520
110 470 680
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expressed in terms of average peak axial stress vs temperature level, the results obtained by the Authors on an additional FRCM system 
(named B2 in the following) are also considered. The B2 system was characterised by a balanced basalt textile with a weight density of 
210 g/m2, an equivalent thickness of 0.034 mm and a bundle spacing of 16 mm. The matrix adopted for the composite material was the 
same lime-based mortar used for the ZR system and whose results in terms of compression and flexural strength are reported in Section 
4.2.2. In a previous experimental campaign [52], a series of single-lap direct shear tests were performed, at different temperature 
levels, while in the present work, to provide an exhaustive comparison, additional tests were conducted on the B2 system: dry fibre 
textiles and FRCM coupons were subject to tensile tests at four different temperature levels: 23, 40, 50 and 80 ◦C, consistent with the 
target temperatures already examined in the single-lap direct shear tests [52].

In Fig. 20, the comparisons in terms of average tensile strength vs temperature are shown off for the three analysed systems. In 
particular, a trend line was added for each sample type (textile, FRCM coupons or single-lap direct shear specimens), in order to 
describe the capacity decay with the temperature increase. The highest value of the coefficient of determination R2 was used as the 
criteria to choose the best possible approximation of the experimental findings. As a result, all experimental data were best approx
imated by exponential functions, whose equations are reported in Fig. 20 as well. In more details, for the ARV system (Fig. 20a), tests 
on textile specimens revealed a more significant influence of temperature when it exceeded 60 ◦C. In contrast, the impact of the 
temperature exposure on the tensile capacity of the FRCM coupons and on the single-lap direct shear test results was generally less 

Fig. 17. ZR system: temperature profiles vs time in single-lap direct shear specimen at different target temperatures.

Fig. 18. ZR system: axial stress vs global slip curves.

Table 12 
ZR system: single-lap direct shear test results.

ID Target Temperature (◦C) Peak Load Peak Axial Stress

Fb (kN) Average (kN) fb (MPa) Average (MPa) CRR fb (%) Failure Mode

DS_23_1 23 1.96 1.96 1031 1029 100 FR
DS_23_2 23 1.95 1026 FR
DS_60_1 60 1.70 1.77 897 929 90 FR
DS_60_2 60 1.83 961 FR
DS_80_1 80 1.31 1.54 690 808 78 FR
DS_80_2 80 1.76 925 FR
DS_110_1 110 1.06 1.06 557 556 54 FS
DS_110_2 110 1.05 555 FS
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pronounced and followed a similar trend, as indicated by the exponential curves. On the other hand, the results on the ZR system 
(Fig. 20b) clearly demonstrated that all types of tests exhibited a similar decay trend. Finally, the results on textiles and FRCM coupons 
of the B2 system (Fig. 20c) exhibited a similar exponential decay, while the results of the single-lap direct shear tests highlighted a 
much stronger effect of the temperature increase on the bond strength, ultimately leading to a very low value in correspondence with 
80 ◦C. For all the materials, a great effect induced by the thermal variations was registered, as demonstrated by the decreasing trends 
obtained for all the test typologies. In general, it can be observed that, for the investigated temperature levels, the highest stress values 
were registered for the tensile tests conducted on dry fibres, while lower values were obtained from the FRCM coupons, probably due 
to the different stress redistribution among the fibre bundles due to the presence of the mortar matrix. In all instances, the lowest 
results were the ones observed in the single-lap direct shear tests, as expected due to the change in terms of failure modes, as previously 
discussed.

Lastly, a comparison between the capacity retention rates for the investigated temperature levels was carried out comparing tests 
on textile (Fig. 21a), FRCM coupons (Fig. 21b) and single-lap direct shear tests (Fig. 21c) for the three systems. The inclusion of linear 
trendlines in the graphs allows to observe that, for textile and FRCM coupon tests, a similar adverse effect of temperature exposure 
could be observed for all the systems. However, significant disparities in these trendlines were observed in the single-lap direct shear 
tests. More specifically, the steeper the slope of the trendline, the more significant the change, at each target temperature, from a 
failure mode with fibre rupture with minimal slippage to complete fibre slippage.

6. Conclusions

In this experimental work, the mechanical behaviour of FRCM systems after controlled thermal exposure was thoroughly analysed 
at different scales. In fact, tests were carried out on thermally conditioned mortar prisms, textile and bundle specimens, FRCM coupons 
and single-lap direct shear test samples. Two different FRCM systems were studied, both characterised by natural lime-based matrices 
and by a glass-only or a glass-aramid fibre textile. They were tested inside a climatic chamber at different target temperatures, ranging 
from 23 ◦C up to 140 ◦C, and the testing procedures were specifically defined, e.g. the exposure time was established thanks to the 
reading of a thermocouple embedded at the textile-mortar interface in the single-lap shear test specimens. The study revealed that 
thermal exposure significantly impacts both tensile and bond capacity, highlighting critical changes in the behaviour of the constituent 
materials—fibers, coatings, and mortar matrices—when subjected to thermal variations.

In terms of tensile properties of bundle and textile specimens, a marked decline in mechanical properties was observed with 
increasing temperature for both ARV and ZR systems. More specifically, looking at the textile properties, a Capacity Retention Rate 
(CRR) equal to 61 % was obtained for the ARV system at 140 ◦C, while a CRR of 69 % at 110 ◦C was found for the ZR system. These 
reductions can be attributed to thermally induced degradation of the fibers and, especially, of the coatings. Indeed, the organic coating 
applied to the textiles plays a critical role in stress transfer between fibers, but its thermal sensitivity could lead to a decay of the 
properties at high temperatures, resulting in reduced adhesion, compromising the tensile capacity and, to a lower extent, the stiffness 
of the textiles.

FRCM coupons exhibited similar trends. In the ARV system, tensile strength retention rates were equal to 73 % at 60 ◦C and reached 
59 % at 110 ◦C, reflecting the combined effects of matrix degradation and thermal deterioration of the textile. The ZR system displayed 
a more gradual reduction, with a tensile strength CRR of 63 % at 110 ◦C, likely due to the relatively lower thermal sensitivity of its 
mortar matrix. However, the elastic modulus in the cracked stage of the tests for both systems demonstrated greater resilience, 
maintaining over 89 % of its initial value at 140 ◦C for ARV and close to 100 % for ZR at 110 ◦C. These results confirmed that the tensile 
strength is more susceptible than the elastic modulus to a decay with increasing temperature.

In single-lap direct shear tests, both systems exhibited a pronounced temperature-dependent decrease in bond strength. The ARV 
system showed a CRR of 75 % at 140 ◦C, while the ZR system demonstrated a sharper decline, with a CRR of only 54 % at 110 ◦C. This 

Fig. 19. ZR system: characteristic failure modes: (a) fibre rupture (DS_23_2), (b) fibre slippage (DS_110_1).

M. Canestri et al.                                                                                                                                                                                                      Journal of Building Engineering 103 (2025) 112072 

16 



disparity can be attributed to the heat-sealed connections between the warp and weft bundles for the ZR system, which were more 
susceptible to detachment at elevated temperatures. The ARV system, by contrast, benefitted from enhanced interlocking effect of its 
textile configuration. Moreover, the failure modes shifted with increasing temperature: the ARV system transitioned from fibre rupture 
at lower temperatures to mixed failure (partial fibre slippage combined with rupture) at higher temperatures. In contrast, the ZR 
system exhibited a complete shift from fibre rupture to fibre slippage within the matrix at 110 ◦C, highlighting the critical role of the 
coating and bundle integrity in the bond behaviour.

This study highlighted the critical role of thermal exposure in altering the mechanical performance and failure mode of two glass- 
based FRCM composite systems. The thermal degradation of the textile, coatings, and mortar matrices determined a reduction of the 
tensile capacity and a negative impact on the bond performance on masonry substrates. Organic coatings, essential for stress transfer 
and fibre protection, were particularly vulnerable to thermal exposure, leading to slippage and a reduction in tensile capacity. 
Furthermore, the connection between the orthogonal bundles of the textiles played a crucial role: poor connections due to insufficient 
mutual winding could trigger an early bond failure and potentially make the composite more susceptible to prolonged temperature 
exposure.

Fig. 20. Peak axial stress vs temperature from each sample type: textile, FRCM and single-lap direct shear specimens: (a) ARV system, (b) ZR system, 
(c) B2 system.
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The findings offer valuable insights into the effects of mild thermal exposure on FRCM systems, emphasising the need for stand
ardised testing protocols to advance research and enable comparisons across studies. In the experimental campaign, the proposed 
protocol was applied to ensure the composite reached a specific temperature before the beginning of the test, without analysing 
variations in terms of heating rate, which was chosen according to Standards recommendations [56]. The transition in failure modes 
under higher temperatures was closely linked to the properties of the organic coating and textile design; therefore, variations in the 
chemical and physical properties of the coatings could still be explored, leaving room for further research. In general, caution is needed 
when generalising these results to other glass, aramid and basalt fibres-based FRCM systems, as variations in coatings and mortar 
properties across different systems might yield diverse outcomes.
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