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Abstract. In recent years, an increasing number of masonry and reinforced 

concrete structures have been externally retrofitted with a wide variety of com-

posite materials such as FRCMs (Fibre Reinforced Cementitious Matrices). The 

positive effects provided by these strengthening interventions on the global and 

local structural behaviour have already been demonstrated and confirmed by 

numerous authors and experimental studies. However, the effects of detrimental 

environmental actions, such as temperature variations, on the durability of these 

materials are still an open frontier. In this experimental campaign, two lime-

based FRCM systems, composed of basalt or aramid-glass fibres, were exposed 

to different temperature levels, ranging from 40°C up to 140°C. Tests were car-

ried out on thermally conditioned dry textiles and FRCM coupons. In addition, 

single-lap direct shear tests were performed on conditioned FRCM-

strengthened masonry wallets. In all cases, tests were carried out with the spec-

imens still inside the thermal chamber used to impose the environmental condi-

tion. K-type thermocouples embedded inside the FRCM reinforcements helped 

define the exposure times and the final conditioning protocol to be used for all 

the tests. The experimental outcomes displayed a significant impact on the ten-

sile capacity of the bare textiles and FRCM coupons, with similar trends shared 

between the two systems. Conversely, results from the single-lap direct shear 

tests confirmed that the temperature was capable of altering the maximum bond 

force and failure mode in the basalt system, while affecting the bond capacity of 

the aramid-glass system without inducing a clear shift in the failure mode. 

Keywords: composites, FRCMs, temperature, basalt fibres, aramid-glass fibres. 

1 Introduction 

In recent times, the severe seismic vulnerability of existing masonry structures has 

been highlighted by the destruction caused by major earthquakes. This fragility could 

result in enormous losses in terms of human life and money, particularly in nations 

where a substantial portion of the built legacy consists of degraded masonry structures 

[1-3]. For this reason, many strengthening retrofitting techniques were developed and 

applied in recent years, with the aim of improving their overall seismic behaviour. 

One of the most promising solutions consisted in the external application of layers of 

Fiber Reinforced Cementitious Matrix (FRCM) composite systems. These composite 
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systems showed a high strength-to-weight ratio, great vapour permeability and possi-

ble reversibility of the interventions. They consist of two components: an open mesh 

textile made of various fibres such as carbon, aramid, glass, basalt and steel, im-

mersed between layers of lime-based or cement-based mortar used as a matrix. Many 

authors have already proven the effectiveness of these solutions in enhancing, for 

example, the in-plane behaviour of masonry walls [4-6] and the confinement of 

brickwork columns [7-9]. Conversely, a vast topic that still needs to be fully explored 

in research activities is the theme of durability of these systems when exposed to ag-

gressive environments, like freeze/thaw cycles, saline and alkaline solutions, humidity 

and salt crystallization. Furthermore, a crucial area that remains to be fully explored is 

the impact of temperature variations on these systems, caused, for example, by solar 

radiation or induced by a fire. Some studies concentrated on the conditioned bond 

behaviour of different FRCM systems applied to masonry substrates within the tem-

perature range of 20-300°C [10-12]. Others concentrated their efforts on analysing the 

residual capacity of composite systems through tensile tests on conditioned FRCM 

coupons after being exposed to high [13-14] or medium temperatures [15]. A general 

decrease in bond capacity and tensile strength was ultimately observed at high tem-

peratures, but only a few studies examined this topic considering results from tests on 

FRCM coupons and single-lap direct shear specimens simultaneously [16-17]. A vast 

portion of the available literature on the topic focused on the residual efficiency of 

these interventions after being exposed to a wide variety of temperature ranges, rather 

than examining the impact of temperature specifically during the testing phases. Ad-

ditionally, after analysing the available pool of experimental studies on the subject, it 

became evident the great diversity in the conditioning protocols, i.e., temperature 

gradients employed during the heating process, as well as the duration of thermal 

exposure. 

To overcome all these limitations, the present experimental campaign aimed at 

studying the effect of temperature variations through tests on three different speci-

mens’ typologies: dry textiles, FRCM coupons and single-lap direct shear wallets, 

while conducting the experiments at a target temperature rather than analysing a re-

sidual post-exposure capacity. Furthermore, a new thermal conditioning protocol was 

proposed by the authors, aiming at the definition of a single and unified approach and 

was successfully applied throughout all experiments. Thermocouple sensors were 

embedded inside the specimens and tests started once a certain percentage of the tar-

get temperature was reached. Two FRCM systems were analysed at different tem-

perature levels; one system was characterised by basalt fibres, while the other one by 

a composition of aramid and glass fibres; both systems were completed by two differ-

ent lime-based mortars.  

2 Materials 

As previously stated, two different FRCM systems were examined in this experi-

mental study. The first system (called S1 in the following) featured a textile made of 

basalt fibres, which was characterised by a total weight density of 210 g/m2, a grid 
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spacing equal to 16 mm, and an equivalent thickness of 0.034 mm, corresponding to 

an area of 0.544 mm2 for each bundle along the warp direction. The second system 

(named S2 in the following) was composed by aramid and glass fibres along the warp 

direction, and only glass fibres along the weft direction. Weight density and bundle 

spacing were equal to 250 g/m2 and 15 mm, respectively, along the warp direction, 

and the equivalent thickness was equal to 0.031 mm, which corresponded to an area 

of 0.465 mm2 for each bundle. Each strand of the basalt textile was covered with an 

organic resin, and the connection with the weft direction was achieved through heat-

sealing. Conversely, in system S2 the yarns along the warp direction were wrapped 

around one another, while the threads along the weft were woven into the fabric with-

out any heat-sealing process. Two different pre-mixed M15 lime-based mortars com-

pleted the investigated systems. 

3 Test setups and thermal conditioning protocol 

Within the present experimental campaign, different test typologies were carried out, 

including tensile tests on dry textiles, on FRCM coupons and single-lap direct shear 

tests on reinforced masonry wallets. All tests were conducted using a servo-hydraulic 

testing machine equipped with a class 0.5 load cell and a maximum load capacity of 

100 kN. The machine was equipped with hydraulic grips, whose pressure could be 

controlled during all stages of the tests.  

Firstly, tests on dry textiles (Fig. 1a) were performed on 500-mm-long specimens, 

including four individual bundles in the warp direction. The extremities of the speci-

mens were reinforced through the application of FRP tabs with a bicomponent epoxy 

resin capable of withstanding high-temperature variations. The instructions reported 

inside the Italian Guidelines [18] were followed. A displacement control regime was 

enforced on the moving actuator of the machine, imposing a constant vertical velocity 

of 0.5 mm/min. Deformation values were obtained from an extensometer (gauge 

length 100 mm) clipped to the middle of the specimens, while stress values were de-

rived by dividing the registered force by the cross-sectional area.  

Secondly, FRCM coupons were manufactured by embedding fibre grids, sharing 

the same geometrical dimensions as the textile specimens, inside two 5 mm-thick 

mortar layers. After 28 days of curing inside a controlled environment (T=22°C±1°C, 

RH=60%±5%) their end portions were reinforced through the application of FRP 

tabs, to avoid local mortar crushing caused by the pressure exerted by the hydraulic 

grips. The same Italian Guidelines were followed [18], enforcing a displacement con-

trol regime characterized by two different speeds: 0.2 mm/min (uncracked stage) and 

0.5 mm/min (cracked stage). An extensometer (gauge length 200 mm) was positioned 

in the middle of the specimen (Fig. 1b) and was used to evaluate deformation values; 

at the same time, stress values were referred to the textile area only, the same being 

considered in the dry textiles. 

Finally, single-lap direct shear tests were conducted following the suggestions re-

ported in RILEM Technical Committee 250-CSM [19] and Italian Guidelines [18]. 

Specimens were manufactured by reinforcing six bricks masonry wallets with a single 
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strip of composite, including four yarns along the warp direction and adopting a bond 

length equal to 300 mm for both systems. The unbonded textile, projecting outside the 

wallet, was 430 mm long and was impregnated by the same epoxy resin and its end-

ing portion reinforced with FRP tabs. The testing machine's moving actuator pulled 

the unbonded textile at a constant rate of 0.2 mm/min while the masonry prisms were 

kept fixed inside a rigid steel frame (Fig. 1c). The relative displacement (called global 

slip in the following) between the substrate and the textile was measured by averaging 

the readings of two 20 mm Linear Variable Displacement Transducers (LVDT). 

Stress values were obtained by referring the obtained force values to the area of the 

textile. Additionally, the obtained failure mode was identified using the classification 

proposed by the RILEM Technical Committee 250-CSM [19]. 

 

 

Fig. 1. Setup adopted: (a) tensile tests on dry textiles; (b) tensile tests on FRCM coupons; (c) 

single-lap direct shear tests on reinforced masonry wallets. 

In order to control the thermal conditioning process, an MTS environmental chamber 

was employed, capable of imposing controlled temperature levels in the range [-

129°C, +315°C]. Target temperature levels investigated for system S1 were 23, 40, 50 

and 80°C; while 23, 60, 80, 110 and 140°C were analysed for system S2. Given that 

these materials are typically applied on building facades, these temperatures can often 

be obtained from sun induced solar radiation during hot weather. Nonetheless, the 

research also delved into higher temperatures with the ultimate objective of identify-

ing a potential transitional threshold in the behaviour. 

A novel conditioning protocol was proposed and adopted by the authors, schema-

tised in Fig. 2a. In fact, in the available literature on the topic, a commonly shared 

protocol was never actually defined, especially when tests are conducted in tempera-

ture, rather than investigating a residual post-exposure capacity. Specifically, in the 

heating stage, the thermal chamber was set to increase its temperature following a 
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constant 30°C/h ramp, in accordance with the gradient recommended by the Italian 

guidelines [18]. Subsequently, a constant temperature phase started, which ended 

once the temperature at the textile-mortar interface reached 95% of the target value. 

To actively monitor the evolution of the temperature profile (schematised by the blue 

curve in Fig. 2a), K-type thermocouple sensors were embedded during the casting 

stage inside the composite in both FRCM coupons and single-lap direct shear speci-

mens (Fig. 2b). Once this threshold was reached, tests started with the specimens still 

inside the thermal chamber. Conversely, tests on dry textiles began immediately after 

the heating stage concluded and the chamber reached the target temperature. In fact, 

given the small size of the yarns, textile grids were thought to always be in thermal 

equilibrium with the air inside the chamber. 

Temperature

Time

Target

R
am

p 
- 
30

°C
/h

95%

Heating stage Exposure time Test

Total duration

Thermal chamber
Thermocouple

a)  b) 

 

Fig. 2. (a) Adopted thermal conditioning protocol, (b) thermocouple at the textile-mortar inter-

face. 

4 Experimental outcomes 

The following nomenclature was adopted to univocally identify the specimens tested 

in the experimental campaign: AA_BB_CC_n. The first two letters “AA” were used 

to identify the tested system, either “S1” or “S2”. The following two characters “BB” 

identified the test typology: “TT” tensile tests on dry textiles, “TF” tensile tests on 

FRCM coupons, “TB” single-lap direct shear tests. “CC” was used to identify the 

target temperature of the tests, while “n” defined the specimen number. For the most 

significant experimental properties, capacity retention rates were also evaluated by 

dividing the values at the target temperature by the corresponding reference, obtained 

without any conditioning at 23°C.  

 

4.1 Textiles 

The constitutive behaviour of the textile grids was obtained by performing tests on 

two individual specimens for each temperature level investigated, following the indi-

cations reported in Section 3. Axial stress vs strain curves are reported in Fig. 3, while 

average values of maximum tensile strength (σu,f), corresponding deformation at fail-
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ure (εu,f), and elastic modulus (Ef) are reported in Table 1, along with the correspond-

ing capacity retention rates.  

In system S1, a linear elastic behaviour was observed in the first stage, which be-

came slightly nonlinear approaching failure point in the thermally conditioned tests. A 

less rigid behaviour was ultimately obtained at 80°C, characterised by higher values 

of strains at failure (with CRR up to 114%). Conversely, the test results for system S2 

demonstrated a consistent linear elastic behaviour until failure at all tested tempera-

tures. However, deformations at failure decreased above 80°C, with CRR equal to 

77% at 140°C. Analysing further the obtained results, system S1 was characterised by 

a small effect of temperature on tensile capacity and elastic modulus at 40°C and 

50°C; nevertheless, tests conducted at 80°C revealed a more significant capacity re-

duction, with CRR values equal to 83% and 82% respectively. As far as system S2 

was concerned, temperature levels higher than 80°C caused a strong reduction in ten-

sile strength (with CRR as low as 61% at 140°C) and in the elastic modulus (81% at 

140°C); however, at lower temperatures, the impact on both properties was smaller.  
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Fig. 3. Stress vs strain curves for tensile tests on dry textiles: (a) system S1; (b) system S2. 
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Table 1. Experimental results of tensile tests on dry textiles. 

System 

Target 

temperature 

(°C) 

Tensile 

strength σu,f                  
(MPa) 

CRR 

σu,f                  
(%) 

Deformation 

at failure εu,f 

(%) 

CRR 

εu,f 

(%) 

Elastic 

modulus Ef 

(GPa) 

CRR 

Ef 

(%) 

S1 

23 1357 100 1.76 100 77.3 100 

40 1355 99 1.97 112 76.3 98 

50 1256 92 1.86 106 74.1 96 

80 1131 83 2.01 114 63.3 82 

S2 

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 

 

4.2 FRCM coupons 

Tensile tests on FRCM coupons were carried out on two specimens for each tempera-

ture level, following the procedure described in Section 3. Curves in terms of axial 

stress vs strain are reported in Fig. 4. Additionally, average values of the maximum 

tensile strength (σu) and corresponding maximum strain (εu), along with the slope of 

the final portion of the curve (Ef), are reported in Table 2 with the related capacity 

retention rates. 

In system S1, a progressive decrease in tensile strength was observed at high tem-

peratures, with a final capacity retention rate equal to 79% at 80°C. However, results 

for system S2 showed that temperature already affected the behaviour at 60°C, with a 

capacity equal to 73% of the reference one. Lowest capacity retention rates were ob-

tained after exposing the samples at 110°C, with strength values equal to 59% of the 

unconditioned specimens. On the other hand, the elastic modulus and deformability 

appeared to be hardly affected by the unfavourable environment in system S1, with 

CRR hovering mostly around 100%. Conversely, both parameters were affected by 

the thermal exposure in system S2, but with capacity retention rates generally higher 

than the one related to the tensile capacity of the composite.  
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Fig. 4. Stress vs strain curves for tensile tests on FRCM coupons: (a) system S1; (b) system S2. 

Table 2. Experimental results of tensile tests on FRCM coupons. 

System 

Target 

temperature 

(°C) 

Tensile 

strength σu                  
(MPa) 

CRR 

σu                  
(%) 

Deformation 

at failure εu 

(%) 

CRR 

εu 

(%) 

Elastic 

modulus Ef 

(GPa) 

CRR 

Ef 

(%) 

S1 

23 1273 100 1.33 100 79.1 100 

40 1217 96 1.35 101 69.8 88 

50 1085 85 1.14 86 81.1 102 

80 1004 79 1.34 101 81.3 103 

S2 

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 
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4.3 Single-lap direct shear masonry wallets 

The bond behaviour of the FRCM systems applied on masonry substates was evaluat-

ed by performing single-lap direct shear tests on reinforced masonry wallets, follow-

ing the instructions reported in Section 3. For each investigated temperature level, two 

tests were performed. Results are shown in terms of axial stress vs global slip curves 

in Fig. 5, while average data related to peak load (Fb), peak axial stress (fb), and ca-

pacity retention rates are reported in Table 3, alongside the obtained failure mode. 

Lastly, Fig. 6 reports an example for each failure mode that was obtained, with the 

upper mortar layer gently removed to help visualise the final position of the fibre 

bundles in the tests at higher temperatures. 
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Fig. 5. Stress vs global slip curves for single-lap direct shear tests: (a) system S1; (b) system 

S2. 

In system S1, a general nonlinear behaviour was observed at all temperature levels 

before reaching the peak point. A brittle failure was obtained at 23°C with tensile 

failure of the unbonded textile occurring just outside the loaded end of the bonded 

area (Fig. 6a). At 80°C, all four yarns along the warp direction slipped inside the two 

mortar layers and a clear shift in the overall failure mode was detected (Fig. 6b). The 

global behaviour was characterised by a peak followed by a progressively increasing 



10 

slip with almost constant stress value. Conversely, at the two intermediate tempera-

tures (40°C and 50°C), a descending softening stage was also observed in the global 

behaviour, however only some of the yarns started to slip inside the mortar, while 

some of them broke outside the bonded area, thus leading to a mixed failure mode. In 

terms of peak axial stress, a significant reduction was registered when the temperature 

was increased, with a capacity retention rate equal to 33% at 80°C, with respect to the 

unconditioned specimens. 

For system S2, a first linear elastic branch was registered at all temperature levels 

in the overall behaviour. A shift in deformability was then observed once a certain 

percentage of the peak axial stress was reached, which was more significant at lower 

temperatures, with just minimal variation at 110°C and 140°C. Reference specimens 

tested at 23°C failed for fibre rupture just outside the bonded area (Fig. 6c). For tests 

at 60 and 80°C, a softening stage after the peak was observed; however, differently to 

system S1, axial stress tended to increase again afterwards, probably due to the inter-

locking mechanism of the yarns and the mortar, triggered by the propagation of the 

debonding phenomena. Subsequently, specimens experienced a failure for fibre rup-

ture outside the bonded area, without any yarn slippage. In tests carried out at 110°C 

and 140°C, the softening post-peak stage was not characterised by an increase in 

strength, thus confirming the effect of temperature in the overall behaviour. However, 

differently from system S1, some individual aramid or glass yarns started to slip in-

side the mortar matrix without involving the full bundle (Fig. 6d) and without activat-

ing a clear shift in the failure mode. Regarding the maximum axial stress, a decrease 

was already observed at 60°C, resulting in an 83% capacity retention rate. An addi-

tional 8% capacity reduction was seen when raising the temperature to 140°C, sug-

gesting that a further increase in the temperature might only have a small effect. 

Table 3. Experimental results of single-lap direct shear tests. 

System 

Target 

temperature 

(°C) 

Peak load   

Fb                  
(kN) 

Peak axial 

stress fb  

(%) 

CRR 

fb (%) 

Failure modes  

(*mixed)   

Sample  

n = 1 

Sample  

n = 2 

S1 

23 2.51 1154 100 E1 E1 

40 1.76 811 70 D-E1*  D-E1* 

50 1.64 754 65 D-E1*   D-E1* 

80 0.83 381 33 D  D 

S2 

23 2.45 1317 100 E1 E1 

60 2.04 1096 83 E1 E1 

80 2.14 1151 87 E1 E1 

110 1.90 1023 78 D-E1*  E1 

140 1.83 987 75 D-E1*   D-E1*   
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Fig. 6. Representative failure mode in single-lap direct shear tests, according to the nomencla-

ture defined in [19]: (a) S1_TB_23_1 (E1); (b) S1_TB_80_2 (D); (c) S2_TB_23_2 (E1); (d) 

S2_TB_110_1 (D-E1*). 

 

4.4 Comparison and discussion 

Capacity retention rates vs temperature are plotted for the different test typologies in 

Fig. 7 to provide a broad overview of the effects of temperature variations on the 

mechanical capacity and bond behaviour of the two examined systems.  
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Fig. 7. Capacity retention rates vs temperature for different sample types and systems. 



12 

As can clearly be appreciated, a similar adverse effect induced by temperature expo-

sure was observed in all test typologies. However, tests on dry textiles showed a simi-

lar decrease in maximum strength between systems S1 and S2. Secondly, FRCM 

coupons tensile capacity was more affected by the temperature exposure, with a simi-

lar decreasing trend shared by the two systems. Finally, the greatest disparities be-

tween the observed trends of the two materials were registered in the single-lap direct 

shear tests. This difference could be attributed to the fact that stronger variations in 

CRR were obtained when a change in the overall failure modes was triggered by the 

temperature, which was the case for system S1 and was conversely not obtained in 

system S2.  

5 Conclusions 

In the presented experimental campaign, two different FRCM systems, composed by 

basalt or aramid-glass fibres were tested after being exposed to controlled temperature 

variations. Tests were conducted on conditioned dry textiles, on FRCM coupons and 

on masonry wallets reinforced with a single strip of composite, tested using the clas-

sic single-lap direct shear configuration. In all cases, tests were conducted with the 

specimens still inside the environmental thermal chamber used to impose the detri-

mental environment and a novel thermal procedure was developed and consistently 

applied throughout the present research. As far as system S1 was concerned, a pro-

gressive decrease in tensile capacity was registered in tests performed on dry textiles 

and FRCM coupons. However, the strongest impact was registered in the bond tests, 

where a decrease in peak-axial stress was ultimately obtained. Additionally, higher 

temperature variations were also capable of altering the failure mode, shifting from 

fibre failure just outside the bonded area to complete fibre slippage. This change in 

behaviour could be explained by the negative effect induced by the temperature on 

both the organic components inside the mortar matrix and on the coating covering the 

fibres, which ultimately led to a reduction in bond performance. In system S2 a strong 

influence caused by the thermal exposure was obtained in the tensile tests on textiles; 

capacity retention rates related to the tests on conditioned FRCM coupons were gen-

erally lower but followed a similar decremental trend. Conversely, results from sin-

gle-lap direct shear tests showed a peak axial stress decay with a temperature compa-

rable to the other two test typologies. Although the peak axial stress decreased with 

temperature, the failure modes appeared to be minimally impacted by the thermal 

exposure, with only some individual yarns that started to slip inside the mortar layers 

and a mixed failure mode was ultimately obtained, probably due to how the reinforc-

ing textile was woven in its two main directions. 

Finally, the results obtained in this experimental campaign confirmed that the topic 

of temperature variations on the mechanical and bond behaviour of FRCM composite 

systems is still open and needs further investigation. Furthermore, it is critical to iden-

tify a standard thermal conditioning procedure to provide trustworthy and robust re-

sults, considering the wide range of testing protocols and procedures that are currently 

used in the scientific literature. 
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