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ABSTRACT 

Fabric Reinforced Cementitious Matrix (FRCM) composites represent an innovative and effective 

retrofitting solution for masonry structures. The use of FRCMs as an external retrofitting technique 

requires an insight knowledge of their mechanical behavior, failure modes and masonry-to-FRCM 

bond properties. A Round Robin Test (RRT) programme was launched by twelve Italian Universities, 

aimed at evaluating the effect of the shear test set-up parameters and at assessing the test variability. 

The experimental tests were performed on systems made of glass and steel fibers/cords applied onto 

masonry substrates. The results were carefully analyzed discussing failure modes, bond capacity, and 

slip statistical dispersion. Differences in the set-up, including the clamping method, textile 

impregnation, and instrumentation used for measuring the slip during the tests, were discussed in 

detail providing useful considerations and suggestions for reducing experimental scattering and 

obtaining reliable results. The analysis showed that the considered parameters have an influence on 

the structural behavior of the FRCM samples demonstrating that an accurate set-up standardization 

is needed. 

KEYWORDS: FRCM; Round Robin; bond test; set-up; experimental scattering 

1. INTRODUCTION 

Inorganic-matrix composites are an effective solution for the external strengthening of existing 

masonry structures. They consist of open-mesh textiles made, amongst others, by carbon, glass, 

aramid, or PBO (p-phenylene-2,6-benzobisoxazole) fiber bundles or unidirectional textiles of steel 

cords, embedded within inorganic matrices. Amongst the several acronyms used in the literature to 

indicate these composites, the most common are Fabric Reinforced Cementitious Matrix (FRCM), 

Textile Reinforced Mortar (TRM), Inorganic Matrix composite Grid (IMG) and, when comprising 

steel textiles, Steel Reinforced Grout (SRG). Although still considered innovative, they were 

developed over 20 years ago [1-6] to exploit the high strength-to-weight ratio showed by Fiber 

Reinforced Polymers (FRP) [7,8] while overcoming the drawbacks of organic matrices. The use of 

inorganic mortars (lime, cement) instead of organic resins (epoxy, polyester, etc.) entails for a better 

behavior at high temperatures, easier installation on uneven and wet surfaces, absence of toxic volatile 

components, and, when the matrix is lime-based, better vapor permeability and compatibility with 

masonry substrates. 
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The effectiveness of FRCM composites was experimentally demonstrated in both reinforced concrete 

[9-17] and masonry [18-36] applications. It was also proven by the significant industrial 

developments, which made a large number of strengthening systems available on the construction 

market and installed in the field, especially in earthquake prone areas, for post-earthquake 

rehabilitation, and for the retrofitting of architectural heritage [37]. Finally, the recently issued 

qualification [38,39] and design [40,41] guidelines further confirmed the suitability of FRCM systems 

for structural rehabilitation and improved the possibility of a standardized control of the whole 

process, from the production and certification of the products to their acceptance and application in 

the construction site. 

Despite the knowledge gathered and the literature published on the various aspects of structural 

rehabilitation of masonry structures with FRCM, the bond properties still remain one of the most 

crucial issues. This is because the effectiveness of the strengthening solution relies on the load transfer 

capacity between the member and the externally bonded reinforcement. The study of the bond 

behavior is complicated by the wide range of existing FRCM systems and constituent materials, by 

the multiple failure modes that can occur, complex interaction between textile, matrix, and substrate, 

brittle behavior of mortar matrices, and by the influence of installation and curing conditions. 

Therefore, further research is still necessary to improve the knowledge on bond behavior (capacity, 

failure mode) and test methods, which proved to be crucial for the bond characterization and the 

identification of FRCM design properties [42]. These issues were already widely tackled in the past 

(see, amongst others [43-53]). A systematic investigation was carried out in a previous RRT [54-56], 

which involved some of the institutions that also carried out this work. In that case, the amount of 

data available for one specific FRCM system was limited by the large number of reinforcements 

under study. Additionally, although some general instructions were shared before the RRT, 

experimental set-ups significantly differed from each other. Finally, each laboratory took care of the 

construction of its own masonry substrate prisms and of the installation of the reinforcements. 
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For the specific purpose of investigating the masonry-to-FRCM bond in detail and further 

contributing to the state of knowledge, a specific RRT was launched within the ReLUIS research 

project, which involves the Italian Network of Earthquake Engineering Laboratories and is funded 

by the Italian Civil Protection Department. Shear bond tests were carried out on three FRCM systems, 

two of which comprised of bidirectional alkali-resistant glass textiles (named Glass 1 and Glass 2) 

and the remaining one made of  an unidirectional textile of galvanized ultra-high tensile strength steel 

(UHTSS) cords (named Steel). In all cases, the matrices were lime mortars and the FRCM systems 

were bonded to substrate prisms made by clay bricks and lime mortar joints. 

Twelve Italian Universities took part to the initiative : Universities of Bologna, Calabria, Cassino, 

Florence, Naples “Federico II”, Naples “Parthenope”, Perugia, Politecnico di Milano, Roma Tre, 

Salento, of Salerno and Venice (IUAV). Each laboratory carried out five shear bond tests on FRCM 

Glass 1, Glass 2, or Steel (Table 1). Each system was tested by more laboratories (from 6 to 9) to 

allow comparisons and get robust statistics. In order to reduce the variability associated with 

manufacturing, all the specimens strengthened with Glass 1 system were prepared (i.e. the masonry 

prisms were built and cured, and the FRCM strips were bonded and cured) by the Politecnico di 

Milano and all the specimens with the others two systems were prepared by the University of 

Bologna. After manufacturing and curing, the specimens were shipped to the participants for testing. 

As for experimental set-ups, all tests were carried out using a single-lap test arrangement and the 

RILEM TC-250 recommendations [57] were followed, to have the same (basic) test conditions. 

Testing machines, load and displacement transducers, and small details in equipment (e.g. gripping 

method, steel frames) and testing procedures (e.g. load rate, pre-load), in addition to the operators 

who performed the test, differed from laboratory to laboratory. In this paper, the outcomes of the RRT 

are analyzed to obtain information on the inherent variability of shear bond test results, on the effects 

of set-up implementation, such as equipment details and measurement techniques and to identify 

reliable values of experimental scattering correlated with this type of tests and materials, associated 
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both to the activity of one single lab or to a number of them. This will be useful to set acceptance 

criteria in future or existing guidelines on this aspect. 

2. EXPERIMENTAL PROGRAM AND MATERIALS MECHANICAL PROPERTIES 

The experimental program focuses on the evaluation of the effects of different set-up parameters on 

the bond behavior of three types of FRCM retrofitting systems applied on masonry substrate and on 

the variability of bond capacity (i.e. peak applied load divided by the fiber cross-sectional area) 

expected when performing single-lap shear tests on these materials. Samples were tested by 12 

different Italian Universities, within a Round-Robin Test (RRT) activity, according to the 

experimental arrangement summarized in Table 1, where the three FRCM systems (Glass 1, Glass 2 

or Steel) were associated to the Universities (UNI) where tests were conducted. Five test repetitions 

for each strengthening system were performed. 

2.1. FRCM components 

The three different FRCM systems consisted of balanced glass fiber grids (Glass 1 and Glass 2) or 

unidirectional steel fiber cords (Steel) embedded in lime mortars. 

The Glass 1 strengthening system (see Figure 1a) was comprised of a styrene-butadiene rubber (SBR) 

coated glass fiber grid with an area weight density (including the coating) of 360 g/m2 (equivalent dry 

fiber thickness = 0.05 mm) and a nominal spacing of 18 mm. The matrix was a lime mortar with a 

compressive strength of 22 MPa and a flexural strength of 6 MPa (values declared by the 

manufacturer). 

The Glass 2 system (Figure 1b) was comprised of an uncoated glass fiber grid with a spacing of 16 

mm and an area weight density of 300 g/m2 (equivalent dry fiber thickness = 0.06 mm), which was 

embedded within the matrix after the application of an adhesion promoter, used for improving 

adhesion between fibers and mortar [48,49]. The matrix was a fiber-reinforced lime mortar, 
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containing short glass fibers, characterized by a compressive strength of 10.56 MPa and a flexural 

strength of 3.75 MPa [58]. 

The third system (Figure 1c) was comprised of a unidirectional reinforcement made of galvanized 

ultra-high strength steel (UHTSS) micro-cords, with an area weight density of 670 g/m2 and an 

equivalent dry fiber thickness of 0.084 mm. The dark color lines in Figure 1c identify the UHTTS 

cords of the strengthening system, whereas the light color mesh is a secondary non-structural grid, 

used for maintaining the position of the steel cords and preserve the shape of the reinforcement during 

the application, which has negligible mechanical properties. 

It This system was applied with a lime mortar with a compressive strength of 14.81 MPa and a flexural 

strength of 3.27 MPa [58]. 

The tensile properties of the textile and of the FRCM systems were evaluated by means of tensile 

tests performed both on dry fibers [59] and on FRCM coupons [39]. Test results on dry fibers are 

reported in Table 2, where, for each strengthening system, the mean tensile strength and elastic 

modulus are given together with their coefficient of variation (CoV). Samples used for both uniaxial 

tensile and shear tests had the same number of yarns (or cords) (4 yarns for Glass 1 and Glass 2, 8 

cords for Steel), in order to allow a direct comparison, as the number of yarns (or cords) was found 

to have an impact on results [53]. 

FRCM systems were mechanically characterized, as also suggested by the Italian Guidelines [39], by 

means of tensile tests on coupons made by using a width (w) chosen as an integer multiple of the 

spacing between yarns (74 mm for Glass 1, 64 mm for Glass 2, 50 mm for Steel) and an overall length 

of 500 mm. Composite tabs were applied at the ends of the samples in order to avoid stress 

concentration due to machine clamping. 

Results of FRCM characterization are shown in Figure 2 in terms of fiber stress-strain curves, whereas 

the main mechanical parameters are presented in Table 3. This table also reports the stress values 

corresponding to the transition between different branches and elastic moduli of the first un-cracked 

phase and of the final branch are reported. The tensile stresses are referred to the cross-sectional area 
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of dry fibers only, whereas the strains were obtained by extensometers applied to the specimens 

central area, using a 200 mm gage length. By using the clamping-grip method described in [44], three 

branches can be generally identified in the stress-strain response. The stresses σT1, σT2, and σu identify 

the transition from the first to the second branch, from the second to the third one, and the tensile 

strength of the coupon, respectively. The slopes of the first (un-cracked) and of the final branches of 

the stress-strain curves were calculated using the letter designation E1 and E3, respectively. 

Glass 2 and Steel coupons did not show a clear second branch of the stress-strain curve. Glass 2 

samples, because of the addition of the adhesion promoter that entailed for a better matrix-fiber stress 

transfer, provided a continuous transition between the different branches and their behavior could be 

described by a bilinear function rather than by the typical tri-linear one [48]. Similarly, a reliable 

identification of the second (cracked) branch of the Steel system was difficult since the cracking phase 

was characterized by the development of numerous distributed micro-cracks. Therefore, values of σT2 

are not reported in Table 3 for Glass 2 and Steel systems. 

As an additional remark, while for Glass 2 and Steel specimens a smooth transition between the first 

and second branch was observed, stress-strain curves of Glass 1 showed several load drops after the 

end of the first branch due to the occurrence of matrix cracks. The stress redistribution among the 

fiber yarns after the opening of a matrix crack depends on the randomly distributed matrix-fiber bond 

properties, which in turn affect the stress-strain response. Indeed, scattered results are often observed 

in inorganic-matrix composites [52]. 

2.2. Substrate properties and geometry 

The three FRCM systems (Glass 1, Glass 2 and Steel) were applied on the same masonry substrate, 

made with standard clay solid bricks (with nominal dimensions 250 × 120 × 55 mm3) and a lime 

mortar. Each masonry prism was realized with 5 stacked clay bricks and 4 mortar bed joints, with a 

thickness of approximately 10 mm, obtaining samples with nominal dimensions 250 × 120 × 315 

mm3 (see Figure 3a). FRCM systems were applied without any specific surface preparation except 
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for cleaning, brushing and wetting the surface with a cloth. Bricks were mechanically characterized 

by means of compression tests on 50 mm diameter core-drilled cylindrical samples, obtaining an 

average compressive strength of 18.63 MPa and a splitting tensile strength of 2.60 MPa. Mechanical 

properties of the lime mortar used for bedding were measured by means of sample tests [58], 

obtaining an average compressive and flexural strength of 3.72 MPa and 1.52 MPa, respectively. 

3. TEST SET-UPS 

The single-lap push-pull scheme (see Figure 3b,c) was used for bond tests by the different 

laboratories. This test arrangement is suggested by RILEM TC-250 recommendations [57]: the 

sample is located inside a rigid steel frame, able to prevent displacements and rotations. All the 

samples were characterized by the same FRCM bonded length (260 mm). The bonded width (w in 

Figure 3a) of each FRCM sample was chosen as an integer multiple of the spacing between yarns 

(see Sect. 2.1). A 30 mm long area of the FRCM strengthening systems (measured from the front side 

of the masonry prism) was left unbonded, and a mortar thickness of 6 mm for Glass 2 and Steel 

samples and of 10 mm for Glass 1 specimens were used. During samples preparation, a portion of the 

textile strip was left bare, without any type of impregnation. Only for Glass 2 samples, the unbonded 

portion of the FRCM was later impregnated with epoxy resin following different procedures (single 

yarns impregnation or textile impregnation), as discussed in the following. Composite or aluminum 

tabs were applied at the end of the bare textile strip before connecting samples to the clamping system 

of the testing machine. The relative displacement between textile and substrate (slip) was measured 

by means of different types of displacement transducers (LVDTs, potentiometers, draw-wire 

displacement transducers (WDTs)), by using as reference point on the FRCM a steel or aluminum 

profile glued to the bare textile in correspondence of the beginning of the unbonded part and as 

reference on the substrate points close to the former (Figure 3b). 

Some laboratories applied a slight pre-tension load before performing the tests, in order to achieve a 

proper alignment of the yarns. 
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All bond tests were performed in displacement control by adopting a stroke displacement rate in the 

range 0.10 – 0.50 mm/min, which includes  typical displacement rates used for testing inorganic-

matrix composites. The loading rate may affect the bond behavior of FRCM composites [60]. 

However, the differences in the loading rate adopted in the round robin campaign were assumed to 

be small and their effect was neglected. 

Similarities and differences between the test set-ups used by the different Universities were 

summarized in Table 4 for the three types of FRCM systems tested, in terms of testing machine 

capacity, clamping method, instrumentation used for measuring the slip, and displacement test rate 

(see also Figure 4). In the following sections, a description of the main differences characterizing the 

set-ups used to test each type of strengthening system is reported. 

3.1. Glass 1 tests 

Details of experimental set-ups used for single-lap shear tests on Glass 1 samples are reported in 

Table 4. Universal testing machines with load capacity in the range 100 – 500 kN were employed, 

except for UNI 1, which used a machine with larger capacity. Direct hydraulic clamping was used in 

the majority of the set-ups, while in few cases other systems were used. In particular, UNI 6 clamped 

the specimens using two steel plates bolted together and adding also glue to ensure firm clamping. A 

spherical joint connected the bolted steel plates to the testing machine. The use of bolted steel plates 

does not generally allow for preventing the fiber-matrix slippage within the clamped area and this, 

along with the presence of spherical joints, may cause an uneven distribution of the applied force 

among the textile yarns. A similar effect can also be caused by the use of clamping wedges without 

the possibility to control the gripping pressure. The effect of these different clamping methods will 

be analyzed in detail during the discussion of the experimental results. 

The textile-substrate slip was always measured using two LVDTs with a 10 mm or 20 mm measuring 

range, with the exception of UNI 1, which employed two wire displacement transducers (WDTs with 

750 mm gage length). The use of WDTs is not recommended since the relative displacements are 
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very smalls and WDT are mostly used in cases of large displacements. Their use could lead to a low 

accuracy and scattered results. Glass 1 samples were tested without any additional impregnation of 

the unbonded textile (note that the glass textile was coated). Bond tests were performed under 

displacement control with similar test rates (0.10 – 0.25 mm/min range), except for UNI 1 (test rate 

equal to 0.50 mm/min), as shown in Table 4. 

3.2. Glass 2 tests 

Glass 2 samples were comprised of a bare glass fiber grid impregnated by an adhesion promoter 

before being embedded within the lime mortar. Uneven distribution of tensile force among the 

specimen width was observed in bare fiber yarns and textiles, since they have a reduced capacity of 

stress redistribution among fiber filaments and among yarns [53,61]. Before performing the bond 

tests, depending on the laboratory, the single yarns (SY in Table 4) or the entire textile (T in Table 4) 

of the unbonded part were impregnated with epoxy resin. Preliminary bond tests carried out by UNI 

2 without impregnation of the unbonded textile confirmed that the uneven applied load redistribution 

led to small bond capacities and scattered results, with a failure mode involving the premature local 

tensile rupture of the dry fibers along the unbonded part of the textile (Figure 5). These tests provided 

an average bond capacity 67% smaller than that obtained from specimens with impregnated unbonded 

textile.   

The clamping method used by the different laboratories included both hydraulic and mechanical 

clamping, with the main differences coming from UNI 6 and UNI 8 set-ups; they employed two steel 

plates bolted (UNI 6) or epoxy glued (UNI 8) together, connected to the grips of the testing machine 

by a spherical joint. Concerning samples instrumentation, as for Glass 1 specimens, LVDTs were 

used in most of the cases, except for UNI 1 (WDTs with 750 mm gage length). All the tests were 

carried out under displacement control with the same crosshead speed used for Glass 1 specimens. In 

particular, Table 4 shows similar crosshead speeds (0.10 – 0.25 mm/min range) for all laboratories, 

except for UNI 1 and UNI 8 (crosshead speed equal to 0.50 mm/min). 
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3.3. Steel tests 

Experimental set-ups used for Steel specimens were similar, with small modifications between 

laboratories. Even if different types of tabs were used (aluminum or composite materials bonded with 

epoxy resin), specimens were clamped using hydraulic or mechanical clamping methods without the 

use of spherical or cylindrical joints, thus leading to a similar load transferring mechanism. 

Concerning instrumentation and test rates (see Table 4), the differences among laboratories were 

small since LVDTs and potentiometers were used and displacement rates were in the range 0.10 – 

0.25 mm/min. The high standardization of the experimental set-ups, together with the absence of 

sudden load drops due to matrix cracking, are key parameters to be taken into account for discussing 

and understanding experimental results on Steel samples and their statistical variability. 

4. EXPERIMENTAL RESULTS 

Experimental results coming from single-lap shear tests performed on glass and steel FRCM systems 

will be reported and discussed in the following sub-sections in terms of failure modes, bond capacity 

and stress-slip curves. 

4.1. Bond failure modes 

Failure modes observed during single-lap shear tests were reported in Tables 5-7, respectively, for 

Glass 1, Glass 2, and Steel samples and shown in detail in Figure 6. They were labeled by a letter 

designation (A to F), according to the classification proposed in [39], which was reported also in 

Table 5, with a brief description. 

Table 5 showed that the most common failure mode observed during bond tests on Glass 1 samples 

was the tensile failure of the composite grid outside of the bonded area (failure mode F, see Figure 

6d), with only a few cases of mixed failure modes involving both slippage of the textile within the 

matrix with cracking of the outer mortar layer (E) and final tensile failure of the textile (F), observed 

in some specimens tested by UNI 10. 
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Glass 2 specimens (see Table 6) showed only a single failure mode (F), already detected in Glass 1 

specimens, confirming that this mechanism is typical of relatively low density glass fiber textiles 

coupled with cementitious or lime based mortars [48,49], where the good adhesion between matrix 

and substrate generally allows to fully exploit the tensile capacity of the textile. 

Even if the impregnation was made after the application of FRCM and potentially the impregnation 

of the dry fibers at the extremity of the unbonded part of the textile was not optimal, no failure 

occurred close to that portion. Moreover, the low density of these textiles determines tensile failure 

loads of the FRCM reinforcement associated to tensile rupture of the fibers that are comparable or 

lower than the tensile loads associated with the achievement of the interface bond strength. 

Since Glass 1 and Glass 2 are different systems, a direct comparison between them is not possible 

and is beyond the scope of this paper. However, as a general remark, as long as the adhesion provided 

by FRCM matrices is appropriate (which is the present case), it is generally frequent to reach the 

maximum tensile strength of the textile. For what concerns the contribution of the adhesion promoter 

used in Glass 2 samples, further details can be found in [48,49]. 

Steel samples presented several failure mechanisms (Table 7), with a predominance of failure mode 

C (debonding at the textile-to-matrix interface, see Figure 6c), but also some cases of tensile rupture 

of the textile (failure mode F), occurring at high levels of load. Sometimes, such as for UNI 4, UNI 

6, and UNI 9, failure mode C occurred together with a partial debonding at the matrix-to-substrate 

interface (B+C, see Figure 6b) or, in a single case, a complete detachment from the masonry substrate 

occurred (failure mode B for UNI 11, see Figure 6a). Mixed failure mechanisms (C+E) were detected 

during bond tests performed at UNI 7 and UNI 12, with the latter laboratory including also single 

cases of C+F or C+E+F mechanisms. 

The explanation of the observed failure modes lies in the fact that steel cords have higher tensile 

strengths in comparison to glass fibers and, for this reason, the limiting factor is the adhesion at the 

different interfaces; this aspect, as highlighted by other experimental studies [56], made often possible 

debonding failure mechanisms before reaching the ultimate tensile capacity of the reinforcement. For 
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this reason, most of the Steel samples showed failure mode C (debonding at the textile-to-matrix 

interface) with a bond capacity obviously lower than the maximum tensile strength of steel cords. 

4.2. Stress-slip envelopes and bond capacity 

The envelopes of experimental stress-slip curves obtained from bond tests were reported in Figure 7. 

The stress was calculated considering the cross-sectional area of the dry fibers (without including the 

matrix), whereas the slip was the average of the displacements measured by the two LVDTs, 

potentiometers, or WDTs placed at the beginning of the FRCM unbonded part (see Figure 3). 

Each envelope includes the five curves provided by each laboratory for a given strengthening system. 

Figure 7a and b show the stress-slip envelopes obtained from Glass 1 and Glass 2, respectively. Due 

to the high number of laboratories involved, results of bond tests on Steel system were split into two 

figures (Figure 7c and Figure 7d), providing in both figures the indication of the limits of the global 

envelope (i.e. the envelope of all the stress-slip curves of Steel samples – black line).  

From a first qualitative evaluation of the shape of the curves, it can be noticed that both Glass 1 and 

Glass 2 samples showed a similar brittle behavior without any softening, consistent with the most 

common identified failure mode (tensile failure of the textile), sometimes with load drops 

corresponding to the tensile rupture of the single yarns [54]. 

Steel samples, due to different failure modes (debonding at the textile-to-matrix interface or mixed 

mechanisms) showed generally a more pronounced nonlinear behavior, with a larger displacement 

capacity after the first peak and before final failure. In case of debonding phenomena, the shape of 

the stress-slip curves was characterized by typical pseudo-horizontal branches. 

The comparison of the stress-slip envelopes in Figure 7a and b showed that the use of WDTs led to 

higher slip measurements than those measured with LVDTs. 

The average bond capacity σf,max,m (i.e. maximum applied load divided by the cross-sectional area of 

the fibers) of the three different strengthening systems were reported in Tables 5-7 for Glass 1, Glass 

2, and Steel samples, respectively, along with the corresponding CoV. These tables also report the 
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average slip Slipm associated with the peak stress and the corresponding CoV. Slip at peak stress 

showed significantly higher scatter than the bond capacity. Therefore, it should be not considered as 

a reliable parameter for describing the results of single-lap shear tests. 

5. DISCUSSION OF EXPERIMENTAL RESULTS 

In the following, experimental outcomes will be analyzed in terms of bond capacity and slip 

variability among the different laboratories, in order to obtain useful indications on the expected 

scattering of results. 

The most relevant effects of set-up parameters and samples preparation on the results will be 

discussed, providing practical recommendations for set-up standardization that may help reducing the 

overall results variability. 

5.1. Bond capacity  

When considering results from Glass 1 samples (Table 5), the low performances recorded by UNI 6 

may be attributed to the differences in the experimental set-up with respect to other laboratories (UNI 

2, UNI 3, UNI 5 and UNI 10). Due to the use of the spherical joints, the clamping pressure could not 

be controlled and this caused a different stress distribution among the yarns, in comparison to direct 

grip clamping. The adoption of the same experimental set-up for Glass 2 samples caused again a low 

performance of specimens tested at UNI 6 (see Table 6). This confirmed that the use of direct grip 

clamping with a controlled clamping pressure should be preferred when performing bond tests on 

glass specimens or more in general on FRCM systems characterized by low fibers density. An 

alternative method could involve the use of very thick and rigid plates with an adequate clamping. 

Table 6 also shows that single yarn impregnation is less effective than textile impregnation with epoxy 

resin in redistributing stresses along the free part of the textile, as confirmed by the higher results 

obtained by UNI 2 and UNI 3 with respect to others. This result can be explained considering the 

capability of textile impregnation to redistribute the applied force among fiber filaments and yarns, 
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whereas impregnation of single yarns does not allow for redistributing the applied load among 

different yarns. 

Bond capacity results coming from single-lap shear tests on Steel samples are reported in Table 7 

where, despite the numerous failure modes detected, a smaller dispersion of results can be observed, 

due to the limited differences in the experimental set-ups. 

Bond capacity results, except for Glass samples which manifested tensile rupture of the textile, could 

be compared with theoretical predictions coming from the literature, in case of debonding failure 

mechanisms [62]. In fact, Eq. (2) proposed in [62] provides a theoretical formulation for assessing 

the maximum strain as a function of the axial stiffness of the reinforcement and of the mechanical 

properties of masonry substrate. Using results coming from mechanical characterization, a bond 

capacity of 921 MPa can be estimated. However, since detachment in Steel samples usually occurs 

at the textile-to-matrix interface (failure mode C) and since the theoretical formulations do not 

explicitly include this failure mechanism, a further improvement is possible using matrix mechanical 

properties instead of those of masonry substrate, obtaining a predicted bond capacity of 1626 MPa, 

with a lower underestimation of experimental results. 

5.2. Dispersion of bond capacity results 

The bond capacity σf,max of each specimen is shown in Figure 8 with respect to the different 

laboratories. Figure 8 provides a first overview of the variability of results within the same laboratory 

and a comparison also with the whole experimental dataset, expressed in terms of average value 

(dashed red line) and 95% confidence interval (shaded area), determined according to Annex D of 

EN 1990 [63]. The results show that dealing with a mean bond capacity obtained averaging results 

from different laboratories can be misleading. Systematic errors and poor repeatability of results from 

some laboratory can lead to over- or under-estimation of the performance of the system. This can 

happen even under the best technical circumstances and should be considered by taking into account 
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the randomly distributed properties of inorganic-matrix composites. In order to minimize this aspect, 

a strict standardization of the test procedure is necessary. 

Figure 8 also shows the average tensile strengths of the FRCM system (σf,max,FRCM) and the dry textile 

strength (σf,max,textile), indicated with dashed lines, in order to evaluate the exploitation ratio FRCM of 

the strengthening systems with respect to the FRCM capacity, defined as FRCM=σf,max/σf,max,FRCM. The 

use of the tensile strength value of the FRCM system to calculate the exploitation ratio instead of the 

tensile strength of the dry textile, was made in order to take into account the interaction between 

fibers and mortar, considering the whole composite system and not only one of its components. For 

the glass systems, FRCM is in the range 60-70%, while for the steel system an average FRCM = 85% 

was obtained. 

A representation of the bond capacity dispersion coming from different laboratories is presented in 

Figure 9, where the CoV of the three FCRM materials, referred to tests from each laboratory, were 

reported in the form of histograms, together with reference lines corresponding to the CoV of the 

whole dataset for each system. The Steel system showed the smallest dispersion, with a CoV of 18.2% 

for the entire dataset (see Table 7 and Figure 9), followed by Glass 2 system (CoV = 20.2%, see Table 

6) and Glass 1 system (CoV = 27.3%, see Table 5). When considering the average of the CoVs from 

each laboratory, the smallest values are 14.4%, 14.3%, and 16.1% for Glass 1, 2, and Steel systems 

respectively. Comparison among these numbers indicated that the large scattering of results from the 

whole dataset can be attributed not only to usual data dispersion observed in inorganic-matrix 

composites but also to some systematic differences introduced by the laboratories (further details can 

be found in section 5.4). In the case of the Steel system, dispersion of results considering the whole 

dataset or the average of the CoVs is similar, since this systematic influence by specific laboratories 

cannot be found. At the same time, these CoVs could have been even lower, but they were increased 

by the contribution from some laboratories which experienced different failure modes of the 

specimens, such as cords tensile failure or matrix-to-substrate debonding and textile-to-substrate 

debonding, leading to the highest and lowest strength values (Figure 9). This did not happen so clearly 



17 

 

for other systems, where consistent failure modes led to values more uniformly scattered among the 

laboratories. 

5.3. Slip statistical variation 

In addition to bond capacity, another parameter evaluated during single-lap shear tests was, as already 

discussed, the relative displacement (slip) between the beginning of the unbonded portion of the 

textile and the adjacent masonry substrate. Starting from each stress-slip experimental curve, the slip 

value corresponding to the maximum stress was considered and the mean value Slipm calculated for 

each type of FRCM system and for each testing laboratory. Results were reported in Tables 5-7, 

together with the corresponding CoVs. If the statistical variation of this parameter for each laboratory 

is analyzed, CoV is included in the range 17.0 - 60.7% for Glass 1 system, 11.4% to 63.6% for Glass 

2 system, and 10.3 - 87.4% for Steel system. The CoV calculated by considering the whole dataset 

was 78.7% for Glass 1, 55.8% for Glass 2, and 34.1% for Steel systems. The high statistical variability 

of Slipm suggested that, while the bond capacity was a significant parameter generally affected by an 

acceptable variation, slip at peak stress was not always reliable for the interpretation of bond test 

results, since it strongly depended on the failure mode and local behavior of the stress-slip curve. 

5.4. Effect of set-up parameters and samples preparation on the bond capacity 

In this section, starting from the discussion of experimental outcomes, the main effects of different 

set-up parameters and sample preparation methods are analyzed, obtaining useful recommendations 

for the standardization of the test procedure. 

5.4.1 Clamping method 

The preferred clamping methods during the RRT activity presented were characterized by the 

application of composite or aluminum tabs with epoxy resin at the end of the specimen unbonded 

textile and by the adoption of controlled hydraulic or mechanical grips. The use of alternative 
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methods, such as those based on steel bolted plates, with or without spherical or cylindrical 

connections to the machine, proved to be a not efficient method because, generally, the poor and 

uncontrolled clamping pressure caused non-uniform slippage of the yarns in the unbonded part of the 

specimens and a consequent non-effective redistribution of the tensile force among them, leading to 

a premature tensile failure of the textile. This phenomenon, extremely significant in brittle materials, 

was particularly noticed on Glass 1 samples tested at UNI 6, leading to an evident and rather 

systematic low bond capacity and it was also confirmed by tests on Glass 2 specimens by the same 

laboratory. As previously discussed, the use of steel plates instead of direct grip clamping could be 

an alternative only if plates are very thick and rigid (undeformable) and coupled with an effective 

clamping method. 

5.4.2 Instrumentation 

The instrumentation used for measuring the slip included different types of displacement transducers 

(LVDTs, potentiometers, and WDTs). LVDTs were preferred by most of the laboratories and proved 

to be the optimal choice in terms of both sensitivity and reliability, especially if used with an 

appropriate (10 or 20 mm) measuring range. Alternative instruments, such as potentiometers and wire 

displacement transducers showed more scattered results, due to their lower sensitivity in measuring 

very small displacements, often leading to an incorrect determination of the slope of the initial branch 

of stress-slip curves. For this reason, LVDTs with 10 mm or 20 mm measuring ranges seem to be the 

most appropriate solution for specimen instrumentation. 

5.4.3 Textile impregnation 

Samples preparation also played a key role for obtaining repeatable and reliable results. While the 

Steel system did not require a specific preparation of the unbonded part of the textile, the same did 

not apply for brittle materials, such as glass or basalt fiber textiles. This is particularly the case of 

uncoated fibers (Glass 2 samples). Indeed, preliminary bond tests performed on Glass 2 specimens, 

without any preparation of the unbonded part, showed that only a minimal part of the bond capacity 
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(approximately 37% of the capacity obtained after textile impregnation) could be achieved. In the 

case of coated fibers (Glass 1 system), the effect is still present, but less relevant with respect to the 

previous one. The impregnation by epoxy resin proved to be most effective in the case of application 

to the whole unbonded textile, while it showed lower results in the case of application to single yarns 

only. The analysis of experimental outcomes showed that textile impregnation was effective in 

promoting the even distribution of applied force among fiber filaments and yarns and in reducing the 

experimental scattering, as highlighted by the results obtained by UNI 2 and UNI 3 on Glass 2 samples 

(see Table 6). 

5.5. Recommendations (for set-up standardization) 

Results of bond tests on FRCM samples showed that a set-up standardization is needed for obtaining 

reliable results and limiting the experimental scatter. Tests should always be performed in 

displacement control, since the FRCM system can exhibit softening or pseudo-horizontal branches in 

case of debonding phenomena. Results may be affected by the test control method (displacement or 

force), the clamping method and clamping pressure, the preparation of the unbonded part of the textile 

and by the instrumentation used. The bond tests carried out during this experimental program showed 

that testing methods other than the direct grip clamping (using a controlled clamping pressure) are 

not recommended since they can cause a high and non-uniform slippage of the textile inside the 

clamping device, with premature failures. On the contrary, methods based on direct grip clamping 

and on the application of composite or aluminum tabs through epoxy at the free end of the specimen 

have to be preferred since they provided the best results in terms of bond capacity. 

The preparation of the unbonded part of the textile has an effect on the structural behavior of brittle 

materials, such as glass, carbon, or basalt fiber textiles. Experimental results demonstrated that full 

textile impregnation is the recommended method, in order to allow a uniform force redistribution 

between yarns and avoid premature brittle failures outside of the bonded area. As an additional 

recommendation, the application of a light pre-tension load to the yarns before applying epoxy resin 
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or before the single-lap shear test (within the range 2-5% of the maximum fabric tensile strength), is 

important to achieve a better alignment and to facilitate a  uniform distribution of the force between 

them. 

Concerning samples instrumentation, LVDTs proved to be the best choice, thanks to their high 

sensitivity and reliability, for measuring the slippage of the textile and obtaining reliable applied 

stress-slip curves. Other types of displacement transducers, such as potentiometers or WDTs, are not 

recommended and could cause significant errors in the determination of the system initial stiffness. 

Despite the use of LVDTs, the slip at peak was found to be a non-reliable parameter, strongly 

dependent on the failure mode and on local variations of the stress-slip curve, especially in the case 

of pseudo-horizontal branches of the curve, such as during delamination phenomena (Figure 7c,d). 

Adoption of these recommendations in current procedures and guidelines for bond tests on FRCM 

systems could improve the reliability and repeatability of results. 

6. CONCLUSIONS 

This paper presented the results of a Round Robin Test organized within the ReLUIS research project 

and comprised involved twelve Italian Universities. The test programme was focused on the 

evaluation of the influence of different set-up parameters on the bond behavior of three FRCM 

systems and on the corresponding bond capacity variability. 

Experimental outcomes confirmed the expected failure modes of the FRCM strengthening systems 

tested that which, according to previous RRT activities [49,51], included tensile rupture of the textile 

for glass-based FRCM composites samples and more complex mechanisms (debonding at the textile-

to-matrix-interface, debonding at the textile-to-substrate interface, fiber slippage or tensile failure of 

the textile) for steel-based composites. samples. 

Furthermore, the results obtained allowed for drawing the following main conclusions: 

• Clamping method and textile impregnation along the unbonded portion significantly affected 

the bond behavior of FRCM with brittle fibers. Namely, the use of spherical joints promoted 



21 

 

a non-uniform stress redistribution among the longitudinal fiber yarns. Similarly, 

impregnation of single longitudinal yarns did not allow for a proper stress redistribution across 

the composite width.  Direct grip clamping, with a controlled hydraulic pressure and unbonded 

part preparation (possibly using full textile impregnation) are the recommended methods, 

especially for brittle materials, since local effects of defects (e.g. heterogeneous stretching of 

the fibers) are amplified on the global response and experimental bond capacity due to 

progressive failure of the different yarns. 

• The slip at peak load cannot be considered as a reliable parameter and should not be used as 

a reference for certification activities, because its value strongly depends on specific test setup, 

especially on the position of the displacement transducers. 

• The RRT activity indicated that a coefficient of variation (CoV) of the bond capacity in the 

15-20% range can be realistically expected by an experimental program carried out by a single 

laboratory. A higher CoV could suggest a poor control of test conditions or invalid failure 

modes. In order to make these values applicable on a technical basis, a strict standardization 

of the experimental set-up is needed. 

Outcomes of the presented work could provide a significant contribution to the improvement of test 

procedures implemented in current FRCM qualification guidelines, with the aim of reaching a high 

level of standardization and reducing experimental scattering related to small but not negligible 

differences in experimental set-ups. 

The effects of set-up parameters, such as clamping method and textile impregnation for brittle fibers 

and instrumentation, were found to be significant. Specific testing solutions can lead to systematic 

errors in the results, hardly identifiable by one single laboratory. In this framework, it is worth noting 

that all the involved laboratories followed the standards provided by Rilem. As a consequence, FRCM 

systems seem to be more sensitive than the FRP ones to experimental set-ups and procedures [58, 

59]. 
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The adopted set-up should be able to allow proper alignment of longitudinal yarns with the applied 

force and effectively transfer the applied load to the entire textile. In this respect, the clamping system 

and the (possible) unbonded textile impregnation are key aspects that should be properly accounted 

for. 

The high test repetitions showed that the slip at peak load cannot be considered as a reliable parameter 

and should not be used as a reference for certification activities or similar, its value being strongly 

dependent from the specific test and type and placing of the displacement transducers. 

The RRT activity provided a rough estimation of a realistic scatter of bond capacity results (CoV in 

the range 15-20%) which could be expected by an experimental program carried out by a single 

laboratory. A higher CoV could suggest a poor control of the test conditions or invalid failure modes. 

In order to make these values applicable on a technical basis, a strict standardization of the 

experimental set-up is needed. 
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Table 1. Experimental program: FRCM systems and universities involved. 

University System 1 

Glass 1 

System 2 

Glass 2 

System 3 

Steel 

UNI 1 × ×  

UNI 2 × × × 

UNI 3 × × × 

UNI 4   × 

UNI 5 × ×  

UNI 6 × × × 

UNI 7 ×  × 

UNI 8  ×  

UNI 9   × 

UNI 10 ×  × 

UNI 11   × 

UNI 12   × 
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Table 2. Tensile properties of dry textiles. 

Material Number of tests 

Tensile strength Young’s modulus 

Mean 

[MPa] 

CoV 

[%] 

Mean 

[GPa] 

CoV 

[%] 

Glass 1 5 968 3.7 68.1 2.2 

Glass 2 5 1131 3.1 65.0 1.4 

Steel 5 3184 0.8 200.9 0.9 
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Table 3. Results of tensile tests on FRCM strengthening systems. 

FRCM # of tests 
Tensile strengths Elastic moduli 

 σT1 σT2 σu  E1 E3 

Glass 1 4 
Mean [MPa] 329 330 1028 Mean [GPa] 680.3 62.2 

CoV [%] 9.7 10.9 9.6 CoV [%] 19.2 5.8 

Glass 2 5 
Mean [MPa] 130 - 1096 Mean [GPa] 413.3 60.9 

CoV [%] 2.3 - 2.5 CoV [%] 19.0 1.2 

Steel 5 
Mean [MPa] 73 - 2857 Mean [GPa] 542.5 193.5 

CoV [%] 15.5 - 2.0 CoV [%] 23.4 4.2 
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Table 4. Experimental set-ups. 

University FRCM 

Universal 

testing machine 

capacity [kN] 

Clamping method Instrumentation 
Textile 

(unbonded part) 

Test rate 

[mm/min] 

UNI 1 
Glass 1 

1200  
Composite tabs, 

hydraulic clamping 

2 WDTs 

(750 mm) 

N 
0.50 

Glass 2 SY 

UNI 2 

Glass 1 

250  
Epoxy tabs, 

hydraulic clamping 

2 LVDTs 

(20 mm) 

N 

0.20 Glass 2 T 

Steel N 

UNI 3 

Glass 1 

100  

Epoxy tabs, 

hydraulic clamping 

2 LVDTs 

(20 mm) 

N 

0.10 Glass 2 
Composite tabs, 

hydraulic clamping 
T 

Steel 
Epoxy tabs, 

hydraulic clamping 
N 

UNI 4 Steel 100  
Epoxy tabs, 

mechanical clamping 

2 LVDTs 

(20 mm) 
N 0.20 

UNI 5 
Glass 1 

500  

Aluminium tabs + 

epoxy, hydraulic 

clamping 

2 LVDTs 

(10 mm) 

N 
0.25 

Glass 2 SY 

UNI 6 

Glass 1 

300  

Steel plates + bolts, 

ball joint 2 LVDTs 

(20 mm) 

N 

0.15 Glass 2 
SY (external 

only) 

Steel 
Epoxy tabs, 

mechanical clamping 
N 

UNI 7 
Glass 1, 

Steel 
500  

Aluminium tabs + 

epoxy, hydraulic 

clamping 

2 LVDTs 

(10 mm) 
N 0.25 

UNI 8 Glass 2 125  
Steel plates + epoxy 

resin, vertical hinge 

2 LVDTs 

(20 mm)* 
SY 0.50 

UNI 9 Steel 250  
Composite tabs, 

mechanical clamping 

2 LVDTs 

(50 mm) 
N 0.25 

UNI 10 
Glass 1, 

Steel 
500  

Aluminium tabs + two-

component adhesive, 

hydraulic clamping 

2 LVDTs 

(10 mm) 
N 0.18 

UNI 11 Steel 630  
Epoxy tabs, 

hydraulic clamping 

2 Potentiometers 

(50 mm) 
N 0.20 

UNI 12 Steel 100  
Steel tabs + epoxy, 

mechanical clamping 

2 LVDTs 

(10 mm) 
N 0.20 

 

N = no impregnation 

SY = single yarn impregnation with epoxy resin 

T = textile impregnation with epoxy resin 

* = applied on the matrix at the beginning of the bonded part 
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Table 5. Glass 1: experimental results. 

University 
σf,max,m 

[MPa] 

CoV 

[%] 

Slipm (σf,max) 

[mm] 

CoV 

[%] 

Failure mode 

UNI 1 590 23.0 1.52 60.7 F 

UNI 2 698 14.6 0.98 41.2 F 

UNI 3 624 8.0 0.34 27.2 F 

UNI 5 815 18.4 2.62 30.4 F 

UNI 6 367 13.6 0.41 31.6 F 

UNI 7 478 9.1 0.50 22.9 F 

UNI 10 740 14.2 1.62 17.0 E+F(2), F(3) 

Whole dataset 608 27.3 1.05 78.7 - 

 

A = debonding with cohesive failure of the substrate 

B = debonding at the matrix-to-substrate interface 

C = debonding at the textile-to-matrix interface 

D = textile slippage within the mortar matrix 

E = textile slippage within the matrix with cracking of the outer layer of mortar 

F = tensile rupture of the textile (outside of the bonded area) 
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Table 6. Glass 2: experimental results. 

University 
σf,max,m 

[MPa] 

CoV 

[%] 

Slipm (σf,max) 

[mm] 

CoV 

[%] 

Failure mode 

UNI 1 577 21.1 1.17 11.4 F 

UNI 2 864 10.0 0.63 43.6 F 

UNI 3 867 2.7 0.37 52.6 F 

UNI 5 784 24.6 0.39 63.6 F 

UNI 6 664 22.8 0.56 37.8 F 

UNI 8 800 4.7 - - F 

Whole dataset 757 20.2 0.64 55.7 - 
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Table 7. Steel: experimental results. 

University 
σf,max,m 

[MPa] 

CoV 

[%] 

Slipm (σf,max) 

[mm] 

CoV 

[%] 

Failure mode 

UNI 2 2752 7.8 1.77 31.8 C 

UNI 3 2245 31.3 1.43 10.3 C(3), F(2) 

UNI 4 2130 22.2 2.00 32.2 B+C(1), C(4) 

UNI 6 2560 11.7 2.16 37.7 B+C(2), C(3) 

UNI 7 2468 18.4 1.61 37.8 C+E(2), C(3) 

UNI 9 2235 20.1 2.11 13.4 B+C(2), C(3) 

UNI 10 2659 11.5 1.72 22.7 C(4), F(1) 

UNI 11 2184 16.2 1.83 12.4 B(1), C(4) 

UNI 12 2747 5.9 1.50 87.4 C+E(3), C+F(1), C+E+F(1) 

Whole dataset 2430 18.2 1.80 34.1 - 
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(a) 

 

(b) 

 

(c) 

Figure 1. Textiles used for the FRCM systems tested: (a) Glass 1; (b) Glass 2; (c) Steel. 
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(a) 

 

(b) 

 

(c) 

Figure 2. Tensile behavior of FRCM coupons: (a) Glass 1; (b) Glass 2; (c) Steel. 
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(a) (b) (c) 

Figure 3. Geometry of the samples and experimental set-up (in the specific case of hydraulic 

clamping): (a) three-dimensional view; (b) front side view; (c) lateral side view. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4. Examples of clamping methods and textile (unbonded part) preparation: (a) direct hydraulic 

clamping (with tabs); (b) clamping using steel plates and hinge (ball joint); (c) single yarn 

impregnation with epoxy resin; (d) full textile impregnation. 
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Figure 5. Preliminary bond tests on Glass 2 samples without fibers impregnation: premature failure 

of uncoated glass fibers along the unbonded part of the textile. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6. Failure modes: (a) B (Steel); (b) B+C (Steel); (c) C (Steel); (d) F (glass). 
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(d) 

Figure 7. Stress-slip envelopes: (a) Glass 1; (b) Glass 2; (c) and (d) Steel. 
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(a) 

 
(b) 

 
(c) 

Figure 8. Variation of bond capacity: a) Glass 1; (b) Glass 2; (c) Steel. 
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Figure 9. Variation of bond capacity: comparison between different laboratories. 
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