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Abstract 

Composites made with inorganic matrix, namely fibre reinforced cementitious mortar (FRCM) 

composites are becoming widespread as strengthening materials for existing masonry structures. 

These composites are made of a dry grid of fibres embedded in an inorganic matrix. FRCMs can be 

considered a valid alternative to traditional organic composites such as Fibre Reinforced Polymers 

(FRPs) because of their better compatibility with the masonry support. This work presents an 

experimental study for the tensile characterization of a basalt fibre reinforced cementitious matrix 

(BFRCM) composite. Tensile tests were carried out on coupons reinforced with one, two or three 

layers of grid to investigate the influence of the reinforcement on the load-strain and stress-strain 

response of the composite. The basalt grid and cementitious mortar matrix were also tested in order 

to compare the mechanical properties of the constituent materials to the response of the composite. 

The digital image correlation (DIC) technique was used to check in-plane and out-of-plane bending 

effect, to measure the crack opening and to analyse the crack pattern evolution and failure modes. 

Keywords: Basalt grid, FRCM, Tensile tests, Reinforcement ratio, Digital Image Correlation (DIC), 

Crack pattern 
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1.

Fabric reinforced cementitious mortar (FRCM) composites are largely used nowadays for strengthening concrete and 

masonry structures, especially when specific preservation criteria need to be fulfilled. Fibre reinforced polymers (FRP) 

materials externally bonded by means of epoxy adhesive were deeply investigated and adopted for retrofitting 

applications in the last two decades. However, the organic nature of polymer-based composites causes some 

compatibility drawbacks, particularly when FRPs are used for strengthening masonry structures. In the effort to 

overcome these issues, growing attention has been paid to composites as the inorganic matrix is able to guarantee higher 

breathability and compatibility to the substrate and higher resistance to fire and high temperatures.  

 In the last years many experimental studies have been carried out to investigate the tensile behaviour of these systems 

[1][2][3]  and different International Standard were recently published [4]. Cement-based composites show a complex 

mechanical behaviour in tension, which is affected not only by the properties of the fabric and matrix but also by the 

bond strength at the interface between these two components, as demonstrated by many investigations [7][8]. The large 

number of available textiles and mortars results in a wide variability in terms of mechanical behaviour, tensile strength 

capacity, bond performance with the substrate and expected failure modes [9].  

In most experimental tests available in the literature, traditional measurement systems, i.e. displacement transducers and 

strain gauges, were used to acquire strain data. However, it is worth to note that these monitoring systems showed to be 

not always adequate for FRCMs: the strain gauges are able to measure only local values, while the reliability of 

displacement measures obtained from the use of transducers is strongly related to the choice of their position that 

depends on the cracking pattern, unknown before the test. For these reasons, in some cases, traditional instrumentations 

were complemented or substituted by innovative monitoring techniques, such as digital image correlation (DIC).  

Bilotta et al. [10] presented the results of tensile tests on different types of FRCM systems. The outcomes were 

discussed in terms of failure modes and the tests were analysed through the DIC technique, which showed to be 

particularly useful to observe the behaviour of the specimen without knowing a priori the final crack pattern. The DIC 

technique was used by Caggegi et al.[11] to carried out an experimental study of basalt FRCM system. Four series of 

specimens, strengthened by different reinforcement ratios and prepared using different kinds of mortar, were tested 

under tension. DIC allowed a deep description of the displacement fields and the crack pattern during the tests. The 

comparison between different results underlined the influence of different investigated parameters on the behaviour of 

the FRCM system. In Tekieli et al. [12], DIC technique was used in tensile tests on composites including different 

textiles and matrices. Results from two DIC software programs were validated by comparison with displacement 
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transducers. The use of DIC allowed achieving additional information on damage pattern, namely crack location and 

width, and also offered the opportunity of selecting different measurements points after testing.  

 [13], the mechanical properties of four different FRCM composites were investigated, 

using different tensile test setups. Longitudinal displacements were measured using traditional transducers and DIC 

method. DIC measurements allowed for proposing two criteria to assess the reliability of results obtained with tensile 

tests of FRCM composites. Tensile characterization of FRCM coupons with continuous and overlapped glass fabrics 

were performed by Donnini et al. [14]. Deformations and failure modes of FRCM specimens were investigated by using 

DIC technique and compared with numerical simulations.  

Despite the capability of the DIC technique for measurement applications of direct tensile tests on FRCM strips, few 

studies are currently available on the subject and fewer are performed on basalt FRCM. Additionally, the potential of 

DIC for the full field analysis of displacements and strains of FRCM coupons has not been fully exploited yet. This 

includes the progressive formation of the cracks and the evolution of the crack pattern up to failure. The goal of this 

paper is to give a complete and deep insight into the mechanical response of basalt FRCMs and to underline the full 

potential of DIC in order to reach this aim. The current work also points out the advantageous application of DIC when 

two cameras are used to monitor in-plane and out-of-plane bending moments, which can affect the results of tensile 

tests. This is a novel contribution. Moreover, most studies on FRCM tensile characterization  address single-ply fabric 

reinforced composites, while few works study the influence of higher number of grid layers [15][16][17], which is very 

important to be investigated since strengthening applications usually involve multi-ply FRCM composites. In this 

respect, the assumption of a directly proportional relationship between FRCM tensile capacity and the number of textile 

layers cannot be taken for granted. 

This work presents the outcomes of an experimental study for the tensile characterization of basalt FRCM (BFRCM) 

coupons, performed using the DIC. Specimens reinforced with one, two or three grid layers were tested in order to 

investigate the influence of the basalt grid reinforcement on the tensile behaviour of the composite coupons. The basalt 

grid and mortar matrix were also tested in order to relate the mechanical properties of constituent materials to the 

behaviour of the composite. The DIC technique was used to carry out different analyses by measuring strains along 

defined gauge lengths or in the form of continuous field analysis on the surface of the specimens. The possibility of 

choosing different virtual extensometers allowed investigating on the possible presence of defects affecting the results. 

DIC full field analyses allowed highlighting differences in the strain and crack distribution occurring in specimens 

strengthened with different reinforcement ratios and deeply analysing the crack evolution during tests, up to failure. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



4 
 

2.

A total of fourteen BFRCM composite coupons, manufactured using different reinforcement ratios, were tested in 

this study: eight specimens made with one grid layer, five using two layers and one single specimen made with three 

layers. It should be noted that the same number of specimens was planned to be tested for each investigated series, but 

some coupons were damaged during the preparation or testing operations.  

Specimens were named following the designation SPX_YL, where SP specimen X indicates the specimen 

number, Y is used to designate the number of reinforcing layers (1, 2 or 3)  

2.1. Basalt grid and mortar matrix 

The grid used as composite reinforcement is a primed alkali-resistant basalt fibre bidirectional grid. The mechanical 

properties of the grid along the warp direction provided by the manufacturer are reported on Table 1.  

Table 1: Material properties from manufacturer 

 
Unit 

weight 
Mesh size Density 

Tensile 
strength 

Elastic 
modulus 

Equivalent 
thickness 

Elongation at 
failure 

Basalt 
grid 

250 g/m2 6 x 6 mm 2.75 g/cm3 60 kN/m 89 GPa 0.039 mm 1.8% 

 Flexural strength Compressive strength Elastic modulus 

Mortar 8 MPa 25 MPa 10 GPa 

 

Monotonic tensile tests of basalt grid strips were carried out in agreement to ISO 13934-1 [18] to define the 

mechanical characteristics of the grid. Twenty-one strips with dimension 260x13.5 mm were tested, twelve along the 

warp and twelve along the weft direction. Aluminium tabs, 80 mm long, 2 mm thick, were glued at the ends of the strips 

to guarantee a uniform stress distribution (Fig. 1). The tabs were gripped over a length of 50 mm and were longer than 

gripping length in order to avoid stress concentration at the transition section from machine clamps to specimen. 

 

Fig. 1 Basalt grid sample before testing 
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The tests were carried out using a 100 kN universal machine in displacement control mode at a loading rate of 

2 mm/min. The specimens were lit from behind and displacements were recorded using a video-extensometer (Fig. 2a) 

able to track liner targets attached to the strip over a gauge length of 80 mm (Fig. 2b).  

The video-extensometer is a contact-free measurement system for high-resolution tensile and bending strain tests for 

nearly all different types of materials. This device can measure strains or displacements between two or more assigned 

markers. The apparatus is connected to a computer which stores and analyses the data using a suitable software. The 

images taken from the video-extensometer are processed directly during testing, based on the DIC software provided with 

the instrument. The video-extensometer must be supported by an illumination source, either on the front or on the back 

of the specimen (front light or a back light method), and by markers placed on the specimen. Different kinds of markers 

can be used to achieve an intense light-dark-contrast and therefore increase the accuracy and reduce signal noise. In 

general, the greater the contrast the more consistent the results obtained. Regarding tensile tests on basalt grid, the best 

setup was found to be the one involving linear markers and the rear illumination method. 

The grid test results are reported in the Experimental Results section.  

  

Fig. 2 Tensile test on basalt gird: a) test setup; b) specimen provided with linear target for DIC 

The mortar used as FRCM matrix is a two-component, high-strength cement-based mix made of hydraulic natural 

lime, sand, special additives, polymers reinforced with short glass fibres. The mechanical characteristics of the mortar 

provided by the manufacturer are given in Table 1.  
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Three point bending tests were carried out on six 40x40x160 mm prisms according to EN 1015-11 [19]. Before 

testing, the surface of the specimens was painted with a high-contrast texturing effect, using white paint with black 

speckle pattern, to carry out a strain field analysis by DIC.  

2.2. BFRCM coupons 

2.2.1. Preparation 

Fourteen BFRCM composite specimens were manufactured using different reinforcement ratios. 

The coupons were cut from large 500x500 mm slabs prepared in wood formworks (Fig. 3a) in agreement with 

AC434 American Standard [4]. The specimen dimensions were selected based on published research and existing 

regulations [4][5][20]. All composite samples had 40x8 mm cross sectional area and length of 400 mm (Fig. 4).  

  

Fig. 3 Manufacturing of BFRCM coupons: a) composite slab; b) cutting of composite specimens 

 

Fig. 4 Photo of BFRCM coupon showing aluminium tabs, speckle and size 
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The BFRCM slabs were manufactured using the manual wet lay-up technique. The total thickness of the mortar was 

the same for all series. In the case of one-layer reinforced specimens, one basalt ply was positioned between two 4 mm 

thick mortar layers. For the specimens reinforced with two or three layers, the mortar layers were about 2 or 3 mm.  

After casting, the large slabs were cured in a saturated atmosphere (20°C and 70% relative humidity) for more than 

one month. In order to avoid differential shrinkage which could cause a curvature of the panel and bending problems 

during testing, the slabs were covered with wet drenched gunny cloths and plastic sheets. The panels were then 

demoulded and the composite coupons were cut using a circular wet saw (Fig. 3b). The specimens were then stored in 

laboratory conditions till the test day. 

Aluminium tabs were glued on the edges of the coupons to reduce local stress concentration on the gripping area 

and to avoid the premature damage of the specimens. The front side and the thickness side of the specimens were 

painted with a high-contrast texturing effect using white paint with black speckle pattern to enable for contactless 

measurement readings during testing with the use of DIC (Fig. 4).  

In the case of specimens reinforced with one basalt grid layer, the ends of the coupons were over-reinforced each 

one with two additional layers of 150x40 mm textile, in order to promote the failure of the samples in their 100 mm 

middle portion (Fig. 5). Additional reinforcements at the extremity were not used for specimens reinforced with two and 

three layers because of the difficulty of placing many layers inside such a small thickness. 

 

Fig. 5 Additional reinforcement in composite specimens strengthened with one basalt grid layer 

2.2.2. Test setup and DIC measurements 

The tensile monotonic tests were carried out using a 100 kN universal testing machine, in displacement control 

mode with a loading rate of 0.2 mm/min (Fig. 6), based on existing standards [4][5][20]. 
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Fig. 6 Setup for tensile test on composite coupon: a) hight-resolution camera; b) videoextensometer 

The strain field over the surface of the specimens was obtained from DIC measurements. Fig. 6 provides a view of 

the test setup. The photos were taken with a 22.3 Megapixel camera, positioned in front of the testing machine, with the 

lens direct towards the centre of the coupons and in perpendicular position in respect to the specimen surface (Fig. 6a). 

The entire coupon surface was recorded. A light source of constant luminosity was used to maintain consistency in the 

measurements. In addition, the videoextensometer and an auxiliary front light were used to monitor the strain field 

along the thickness of the specimens (Fig. 6b). This was done as geometrical imperfections such as non-symmetric 

distribution of reinforcement in the thickness or non-perfect planarity of the sample can cause different opening of 

cracks on the front and back surface. 

The frame rates of camera and videoextensometer were set to 2/s and 1/s respectively. Resolution of the photos was 

12 pixel/mm for the camera and 9 pixel/mm for the videoextensometer. 

The software GOM Correlate [21] was used to carry out the DIC analysis. GOM Correlate gives the 

displacement/strain field at each loading step by defining square-

and tracking these subzones in subsequent images. The facets were defined over the random speckle pattern sprayed on 

the sample surface, which facilitated the definition of a grey level distribution sufficient to differentiate the subzones. A 

facet size of 20 pixels and a spacing of 18 pixels (point distance) (for full field analysis) were defined to accommodate 

both a good resolution and computational viability. A standard analysis, as defined by the software, was carried out. To 

minimise accumulation of errors [10] images from each loading step were compared to a reference image defined at 

step 1.  
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The DIC analysis was carried out with two aims: to measure strain on virtual extensometers defined on each coupon 

and to record the crack pattern evolution during the test (continuous field analysis). Each virtual extensometer was 

defined by a couple of facets on the surface of the coupons. Three virtual strain extensometers were defined on one-

layer specimens and on specimens with higher reinforcement ratio, as shown on Fig. 7. This was to check possible in-

plane bending effects. A gauge length of 240 mm was defined for two and three-layer specimens and a length of 

100 mm for one-layer specimens due to the additional reinforcing layers at the ends of the coupon for this series (see 

Fig. 5).  

 

Fig. 7 Position of virtual extensometers on the front and side surfaces 

Additional virtual extensometers, with the same gauge length as above, were defined on the thickness of the 

BFRCM coupons, in order to check possible out-of-plane bending effects, see Fig. 7.  

A monitoring area was defined for the strain/displacement continuous field analysis. In this case facets were placed 

homogeneously over a 150 mm long region for one-layer specimens and over the whole surface for the remaining 

coupons, see Fig. 8.   
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Fig. 8 Full-field analysis: surface components and distribution of facets 

3.  

3.1. Grid and matrix 

The experimental stress-strain curves of the basalt grid specimens along the warp and the weft directions are plotted 

in Fig. 9. The average and coefficient of variation (COV) values of the tensile strength, strain and elastic modulus are 

reported on Table 2. 

Due to the discrete distribution of fibres along the width of the strips, the stress values were evaluated considering a 

cross sectional area of grid calculated as the equivalent thickness (0.039 mm) multiplied by a width equal to the number 

of yarns multiplied by the mesh size (3 x 6 mm). 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



11 
 

Table 2: Grid and mortar average results 

BASALT GRID MORTAR 

WARP DIRECTION WEFT DIRECTION  

Av. Tensile 
strength [MPa] 

and (COV) 

Av. Tensile 
strain [%] 
and (COV) 

Av. Elastic 
modulus [GPa] 

and (COV) 

Av. Tensile 
strength 

[MPa] and 
(COV) 

Av. Tensile 
strain [%] 
and (COV) 

Av. Elastic 
modulus [GPa] 

and (COV) 

Av. Flexural 
strength [MPa] 

and (COV) 

2045 2.55 81.91 1983 2.40 81.88 7.18 

(10.55%) (8.21%) (3.48%) (7.80%) (12.05%) (4.60%) (2.80%) 

 

The tensile curves of specimens in the warp (Fig. 9a) and weft (Fig. 9b) directions show a linear trend characterized 

by the brittle failure of the grid. Fig. 10 shows some of the basalt specimens after failure. As it can be seen in the photo, 

the failure of the samples was characterized by the tensile rupture of some or all basalt rovings in the strip width, in the 

middle of the strips or close to the gripping zone. Telescopic failure was observed between external coated fibres and 

internal fibres of basalt yarns. Slipping inside the gripping area was not observed.  

The average peak stress and strain, averaged over twelve samples in warp direction, were 2045 MPa and 2.6% 

respectively; the elastic modulus was 82 GPa. The values obtained from the specimens tested along the weft direction 

are 1983 MPa, 2.4% and 82 GPa  

It should be noted that the experimental tensile strain of the fabric along the warp direction (2.55%) was larger than 

the one provided by the manufacturer (1.8%). Usually, data from producer are conservative. Moreover, it should be 

noted that there is an important size effect, since the smaller the strip width, the higher the strength. This is mainly due 

to the geometrical misalignment of the yarns and other geometrical imperfections and also to possible misalignments 

during tensile tests. 

The average flexural strength of the three point bending tests (7.18 MPa) carried out on the matrix samples is 

reported on Table 2 along with the COV values.  
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Fig. 9 Stress-strain curves for basalt grid: a) warp direction; b) weft direction 

 

Fig. 10 Basalt grid strips at failure 

3.2. Composite coupons 

3.2.1. Results from virtual extensometer 

The tensile stress-strain curves of three specimens reinforced with one layer of basalt grid are plotted on Fig. 11. 

The graph shows, for each specimen, the measurements of the three virtual extensometers placed on the front side (Fig. 

11 a). The scatter of the strains at peak stress ranges from 0.44% to 4% and confirms the absence of significant bending 

effects in the plane of the specimen.  
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Fig. 11 Stress-strain curves obtained from central and side virtual extensometers in one-layer reinforced specimens: a) 
position of virtual extensometers; b) specimen SP2_1L; c) specimen SP4_1L; d) specimen SP7_1L 

Similar results were obtained for specimens reinforced with two and three basalt grid layers. Only the readings of 

specimen SP4_2L and SP5_2L were affected by a moderate scatter (14%). This is due to the fact that, at the end of the 

cracking development stage, these specimens were affected by slight slipping inside the clamping area with a 

consequent load redistribution over the cross-section. The lower peak stress of these two samples compared to 

specimens SP1_2L and SP2_2L could be due to the in-plane bending effect during the test. 

Regarding possible out-of-plane bending effects, strains from virtual extensometers on the side surface are plotted in 

Fig. 12, for SP4_2L and SP1_3L specimens, with two and three layers respectively. In this case, the results obtained 

from the readings of the two extensometers for each sample are very consistent, underlining a uniform crack 

development along the front and back surface of the specimens and the absence of important defects causing out-of-
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plane curvature of the samples. The scatter of the strains at peak stress ranges from 1.16% to 1.58%.

 

Fig. 12 Stress-strain curves obtained from virtual extensometers placed on the side of the specimens: a) position of 
virtual extensometers; b) specimen SP4_2L; c) specimen SP1_3L 

3.2.2. Load-strain curves  

In order to discuss the characteristic behaviour of the employed mortar-based system under tension, Fig. 13a shows 

the experimental results of the SP1_2L specimen, with annotations of typical stages, transition points and load drops. 

As already known in the literature [9], the curve shows a trilinear trend corresponding to three stages: un-cracked Stage 

I, crack development Stage II and cracked Stage III. The evolution of the crack pattern is also shown in Fig. 13b, where 

each image corresponds to a specific point of the load-strain curve  in Fig. 13a. 
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Fig. 13 Tensile response of composite specimen SP1_2L: a) Load-strain curve annotated with typical stages and 
transition points; b) crack pattern evolution corresponding to annotations (points a-h) 

The influence of the number of reinforcing grid layers on the load capacity of the BFRCM coupons can be observed 

on the load-strain curves plotted in Fig. 14. For each specimen the values of peak load, stress, strain and slope of the 

three-linear curves are reported in Table 3 together with average and COV values.  

The initial slope of the curves is similar for all the tested specimens. The transition from Stage I to Stage II for one-

layer reinforced specimens is characterized by significant load drops. Conversely, coupons with multiple grid layers 

make for a more gradual stress redistribution from the matrix to the reinforcement and a smoother transition from Stage 

I to Stage II. 
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Fig. 14 Load-strain curves of BFRCM composite coupons 

 

The slope of Stage II was evaluated by fitting the stress- I I II II), which in 

general produces a slope different from the one I I II II) [2]. It can be noted 

that in Stage II the slope increases with the number of grid layers, while the extension of the crack development stage is 

larger for specimens reinforced with one layer II = 1.019) compared to two and three-layer samples II II 

= 0.229 respectively) (Table 3). Moreover, the volume fraction of fibres influences the number of cracks developed 

during Stage II, as evidenced by the number of load drops. This is also reflected in the crack pattern plotted in Fig. 15 

where specimens with two and three reinforcement layers show a larger number of progressively closely spaced cracks 

compared to the one-layer series. 
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Fig. 15 Crack pattern at failure load: a) one-layer reinforced specimen (SP8_1L); b) two-layer reinforced specimen 
(SP2_2L); c) three-layer reinforced specimen (SP1_3L) 

Regarding the load capacity, BFRCM coupons with higher reinforcement ratio carry higher loads, however the load 

increments are not proportional to the reinforcement area: for Stage I load increments equal to +17% and +16% were 

recorded for coupons reinforced with two and three layers respectively compared to the SP_1L series; for Stage II the 

increments were equal to +33% and 30%. The average maximum forces FI  and FII recorded at the end of Stage I and II 

for the three series of specimens are not subjected to large variations as they are mostly influenced by the mechanical 

properties of the mortar (FI equal to 1.23 kN, 1.45 kN and 1.44 kN; FII equal to 1.40 kN, 1.85 kN and 1.82 kN). 

Therefore, during the crack development stages adding a second reinforcement layer increases slightly the capacity, 

however, the third layer has a negligible effect. On the other hand, Stage III peak load values depend mostly on the 

reinforcement area and the bearing capacity increases significantly with the number of grid layers (FIII equal to 2.05 kN, 

3.54 kN and 4.63 kN for one-, two- and three-layer specimens). These values correspond to load increments equal to 

+72% and +125% compared to the one-layer samples. 
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Table 3: Results of BFRCM coupons in Stage I, II and III 
Samples Peak load [N] Peak stress [MPa] Strain [%] Tangent modulus [GPa]

S
ta

ge
 I

 

     

SP1_1L* - - - - 
SP2_1L 1306.85 933.46 0.048 1947.14 
SP3_1L 756.24 540.17 0.015 3684.67 
SP4_1L 1067.87 762.76 0.034 2233.56 
SP5_1L 1427.38 1019.56 0.042 2432.16 
SP6_1L 1446.39 1033.13 0.018 5739.64 
SP7_1L 1315.78 939.84 0.021 4475.45 
SP8_1L 1318.24 941.60 0.035 2653.89 
Average  
(COV %) 

1234.11 
(19.8 %) 

881.50 
(19.8 %) 

0.030 
(41.8 %) 

3309.50 
(42 %) 

SP1_2L 1788.57 638.77 0.038 1690.90 
SP2_2L 1491.68 532.74 0.031 1722.97 
SP3_2L 1063.47 379.81 0.015 2566.29 
SP4_2L 1331.08 475.39 0.048 987.92 
SP5_2L 1566.32 559.40 0.041 1353.67 
Average 
(COV %) 

1448.22 
(18.7 %) 

517.22 
(18.7 %) 

0.035 
(36.7 %) 

1664.35 
(35.2 %) 

SP1_3L 1437.38 342.23 0.044 786.74 

S
ta

ge
 I

I 

     

SP1_1L* - - - - 
SP2_1L 1318.42 941.73 0.826 9.33 
SP3_1L 1264.24 903.03 0.862 38.57 
SP4_1L 1426.55 1018.96 1.145 26.33 
SP5_1L 1517.34 1083.82 1.202 6.05 
SP6_1L 1430.40 1021.71 0.979 18.55 
SP7_1L 1523.73 1088.38 0.874 11.53 
SP8_1L 1305.57 932.55 1.242 8.70 
Average 
(COV %) 

1398.03 
(7.4 %) 

998.60 
(7.4 %) 

1.019 
(17.2 %) 

17.01 
(69.2%) 

SP1_2L 1973.63 704.87 0.458 18.66 
SP2_2L 1693.58 604.85 0.383 31.07 
SP3_2L 1896.52 677.33 0.411 65.45 
SP4_2L 1885.00 673.21 0.531 40.87 
SP5_2L 1827.60 652.71 0.460 26.48 
Average 
(COV %) 

1855.26 
(5.6 %) 

662.59 
(5.6 %) 

0.448 
(12.5 %) 

36.51 
(49.5%) 

SP1_3L 1821.68 433.73 0.229 43.78 

S
ta

ge
 I

II
 

     

SP1_1L 2080.92 1482.14 2.463 - 
SP2_1L 1964.19 1402.99 2.096 36.31 
SP3_1L 2132.64 1523.32 2.028 53.22 
SP4_1L 1841.98 1315.70 1.876 40.61 
SP5_1L 2134.09 1524.35 2.503 33.86 
SP6_1L 2083.79 1488.42 2.392 33.01 
SP7_1L 2211.45 1579.61 2.577 28.84 
SP8_1L 1990.37 1421.69 2.643 34.93 
Average 
(COV %) 

2054.93 
(5.7 %) 

1467.28 
(5.7 %) 

2.322 
(12.2 %) 

37.25 
(21.2 %) 

SP1_2L 3847.49 1374.10 2.151 39.53 
SP2_2L 4149.43 1481.94 2.405 43.38 
SP3_2L 3295.68 1177.03 1.549 43.89 
SP4_2L 3328.44 1188.73 1.815 40.14 
SP5_2L 3069.95 1096.41 1.641 37.56 
Average 
(COV %) 

3538.20 
(12.6 %) 

1263.64 
(12.6 %) 

1.912 
(18.8 %) 

40.90 
(6.6 %) 

SP1_3L 4633.19 1103.14 1.466 54.13 
* Results neglected for the evaluation of the average values  
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3.2.3. Stress-strain curves

Fig. 16 presents the stress-strain curves of the three sets of BFRCM coupons together with a trilinear curve defined 

by the average transition points reported in Table 3. It should be noted that in the case of series reinforced with two and 

three layers, the curve passing by transition points can be considered almost bilinear because of the similar slope of 

Stage II and Stage III. In Fig. 16d the trilinear/bilinear curves of one-, two- and three-layer reinforced specimens are 

compared to the average stress-strain curve of the basalt grid (warp direction). 

 
Fig. 16 Stress-strain curves of BFRCM composite coupons: a) one-layer reinforced samples; b) two-layer reinforced 
samples; c) three-layer reinforced sample; d) trilinear/bilinear curves of BFRCM series and basalt grid 

The on the left y axis, are calculated using the cross sectional area of the grid only (F/Af), as 

suggested by the code AC434 (2016) [4] and studies in the literature [9] [22]. Additionally, the secondary y axis in Fig. 
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16 shows the tensile stresses evaluated using the geometrical area of the FRCM system, AFRCM, according to the 

recent RILEM recommendations about test methods for FRCM materials [5]. 

The stress-strain curves in Fig. 16 show that the maximum stress at the end of each stage decreases as the number of 

reinforcement layers increases. This occurs for the first and second branch and in a less marked way for the third branch 

(stress at failure). Two-layer series compared to one-layer series showed an average decrease of 41%, 34%, 14% 

respectively for Stage I, II and III, while the same decreases for specimens reinforced with three layers were equal to 

61%, 57% and 25% respectively. The stress reductions are more marked in the case of higher reinforcement ratio and 

this may be due to the reduced thickness of mortar between grid layers in over-reinforced specimens. The small 

thickness of mortar did not allow an adequate adhesion to the textile and redistribution of the stresses between the cords 

of the grid. The average stress in the mortar I,m) at the end of Stage I (cracking load), evaluated using the equivalent 

composite area, was 3.60 MPa, 4.15 MPa and 3.87 MPa for one-, two- and three-layer specimens. These values were 

respectively 49%, 42% and 46% lower than the tensile strength of the mortar (7.18 MPa). This is not unexpected as 

three point bending tests may produce an overestimation of the tensile strength of the mortar.    

The response curves of some two-layer reinforced specimens (SP3_2L, SP4_2L, SP5_2L) show a loss of linearity in 

Stage III and/or load drops before the reaching of the maximum stress (Fig. 16b), caused by slight slipping or failure of 

one of the chords leading to a non-uniform load distribution over the cross-section of the grid.   

In regard to strain values, the averages of the three series were quite close for Stage I (0.030%, 0.035%, 0.044%). 

For Stage II there was a marked reduction of the average maximum strain between one-layer specimens and two- and 

three-layer reinforced specimens, with a drop of 56% and 78% respectively. Finally, average strain reduction in Stage 

III was equal to 18% and 37% for two- and three-layer specimens respectively compared to one-layer specimens.  

The extension of the c II III III is the strain at peak 

II was on average 45% of the ultimate strain (values ranging 

between 34% and 61%), pointing out that II was 

on average equal to 24% (values ranging between 16% and 29%) and 16% of the ultimate strain for two- and three-

layer reinforced specimens respectively, as transversal yarns weaken the cross section and induce cracking. This leads 

to a quicker cracking process for smaller values of deformation in samples with multiple grid layers [11].  

The tangent modulus in Stage III increased with the number of grid layers, but all the series presented a considerable 

reduction of stiffness if compared with the average value obtained from basalt grid strips (55%, 50%, 34% for one-, 

two- and three-layers respectively).  
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Also, the values of tensile strength in Stage I III) were quite low compared to the tensile strength of the basalt 

grid (Fig. 16d). To compare the strength of the BFRCM specimens with that of the basalt grid

III, and the average experimental strength of the 

grid, ffu is reported on Table 4 -layer reinforced specimens, 

from 0.54 to 0.72 for two-layer reinforced specimens, and was equal to 0.54 for the three-layer strengthened sample. 

These results underline the BFRCM coupons did not fully exploit the nominal capacity of the fibres, as also confirmed 

by [10] [11] [22]. The strength and stiffness reduction of composite specimens compared to the grid may be due to 

geometric defects of the grid, such as imperfect alignment of yarns, and possible damage of the fibres near to cracks 

edges. Misalignment, in particular, would influence more the BFRCM coupon than the grid strips for two reasons: 1) 

the composite coupons width was larger than the grid strips (size effect) and 2) BFRCM coupons were obtained by 

cutting from a 500x500mm slab, see Fig. 3, as recommended by the AC434 American Standard [4]. Therefore, 

geometric misalignment would accumulate and would not be easy to detect due to the mortar layers covering the grid. 

Table 4  

Samples 

Peak stress 
 [MPa] 

Efficiency factor 
Range of variation 

III  

SP1_1L 1482.14 0.72 

0.64-0.77 

SP2_1L 1402.99 0.69 

SP3_1L 1523.32 0.74 

SP4_1L 1315.70 0.64 

SP5_1L 1524.35 0.75 

SP6_1L 1488.42 0.73 

SP7_1L 1579.61 0.77 

SP8_1L 1421.69 0.70 

SP1_2L 1374.10 0.67 

0.54-0.72 

SP2_2L 1481.94 0.72 

SP3_2L 1177.03 0.58 

SP4_2L 1188.73 0.58 

SP5_2L 1096.41 0.54 

SP1_3L 1103.14 0.54 - 

 

3.2.4. Crack opening and displacement fields 

In this section the displacement field analysis carried out using the DIC of the front surface of three composite 

specimens is reported. The analysis was aimed at gaining information on the location of the cracks and their opening 

and evolution during the tests. The analysis was carried out for specific load steps as shown in Fig. 17 (red points), on 

specimens SP8_1L, SP4_2L and SP1_3L reinforced with one, two and three basalt grid layers respectively. The curves 
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in Fig. 18 show the displacement obtained with the DIC along the longitudinal direction of the samples, for the same 

load steps. The x axis shows the longitudinal axis of the BFRCM strips.  Each displacement step is representative of a 

crack opening and the difference between values of displacement at the extremes of each step measures the crack 

opening. The distance between displacement steps corresponds to the distance between subsequent cracks. The 

outcomes show that the distance between cracks is in the range 25-40 mm (mean value 33mm) and 6-34 mm (mean 

value 14mm) for one and two-layer reinforced specimens respectively. For three-layer sample, the crack distance ranges 

between 5 and 10 mm, with an average value of 7 mm, which is close to the spacing of the transversal yarns of the 

basalt mesh (6 mm). Indeed, transversal yarns caused local reduction of the mortar section which became a preferential 

weak location for the development of cracks, as already observed in the literature [22]. This was even truer for the 

specimen SP1_3L because of the presence of more basalt grid layers separated by a lower thickness of mortar. 

From the graphs is clear that the volume fraction of fibres influences not only the number of cracks and the distance 

between cracks, but also the crack opening, which decreases with the increase of the number of reinforcing layers, as 

discussed in the following. 
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Fig. 17 Load-displacement curves: a) one-layer reinforced specimen (SP8_1L); b) two-layer reinforced specimen 
(SP2_2L); c) three-layer reinforced specimen (SP1_3L) 
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Fig. 18 Displacement along the strip longitudinal axis for different loading steps: a) one-layer reinforced specimen 
SP8_1L; b) two-layer reinforced specimen SP2_2L; c) three-layer reinforced specimen SP1_3L 

Fig. 19, Fig. 20 and Fig. 21 present the continuous displacement contours related to the three specimens (SP8_1L, 

SP2_2L, SP1_3L) for the load steps from 1 to 8 identified in Fig. 17. In the images, the reported iso-lines represent 

points with equal displacement. The evolution of the crack pattern is clearly detectable and is characterized by the 

progressive development of cracks transversal to the direction of the applied load. It is worth noting that for the one-

layer specimen the isolines are not horizontal, pointing to a non-uniform stress distribution on the strip sections. The 

first crack develops at the top of the strip (y=168mm) and keeps opening until a second one opens at the bottom (y=77 

mm) followed by two more in the central zone (y=131 mm and y=109 mm). In the two- and three-layer specimens the 

isolines are mostly horizontal with some vertical lines forming in Stage III possibly due to a slight slipping or yarn 

damaging at the top side of the strip. Isolines are also closer and develop in a larger number of cracks. 
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Fig. 22 shows the evolution of the crack opening as a function of the external load. In the graphs, each curve 

corresponds to one crack and the label of the curve refers to the position of the crack on the coupon. The graphs point 

out that the maximum crack opening in one-layer reinforced specimen (SP8_1L) was much larger compared to that 

measured in samples reinforced with two layers. The same decrease of crack opening was observed when the specimen 

was strengthened with three basalt layers, compared to the sample reinforced with two grid layers. Moreover, this 

opening increase was inversely proportional to the number of cracks developed along the surface of the composite 

coupons: the greater the number of cracks, the lower the maximum crack opening recorded. 

For values of load corresponding to the uncracked stage (Stage I) and crack development stage (Stage II), the trend 

of the load-crack opening curve is inhomogeneous, because of the different opening endured by different cracks. 

Conversely, once the Stage III starts, the curves begin to be almost parallel. 
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Fig. 19 Displacement field of specimen SP8_1L 
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Fig. 20 Displacement field of specimen SP2_2L 
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Fig. 21 Displacement field of specimen SP1_3L 
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Moreover, the graphs in Fig. 22 depict the ratio EfAf/L, where Ef and Af 

sectional area of the grid, and L indicates the distance between cracks. The three elongation curves EfAf/L vs external 

load reported in Fig. 22 were obtained considering a strip length L equal to 33, 14 and 7 mm respectively for specimens 

SP8_1L, SP2_2L and SP1_3L, equal to the average distance between cracks. As it can be noted from the graph, the 

slope of the crack opening vs load curves in Stage III is close to the grid deformability (EfAf/L). This show that tension 

stiffening effect of the mortar within the crack spacing can be considered negligible for all the specimens.  

   

Fig. 22 Evolution of crack opening as a function of the applied  load: a) specimen SP8_1L; b) specimen SP2_2L; c) 
specimen SP1_3L 
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3.2.5. Failure modes

Fig. 23 a and b show respectively the BFRCM specimens with one and two grid layers at failure. Fibre tensile 

failure was observed for all the tested specimens, including rupture near the gripping area or in the middle of the 

sample. 

The development of cracks near the gripping area did not affect the load-displacement and stress-strain curves. Also, 

other authors [20] showed that the peak loads associated to this failure mode are comparable to those attained when the 

main crack develops in the middle of the specimen. Moreover, even when ruptures occurred near the clamping areas, 

reliable strain values were obtained using DIC, which allowed a full length measurement of strains. 

Most failures were recorded in a cross section comprising a transversal yarn of the mesh (Fig. 24 a and b): the 

presence of rovings in the transversal direction caused a local reduction of the mortar cross-section with consequent 

reduction of its resistance, as already observed in the literature [22].  

The analysis of the specimens after failure showed sliding between external and internal fibres of the yarns, namely 

a telescopic failure (Fig. 24 a) [20].  This is due to the fact that in coated textiles the load is transferred from the mortar 

matrix to the coating external layer by chemical adhesion and, later, from the external layer to the inner core by friction, 

because of the impossibility of the mortar to impregnate the inner fibres. Being the matrix-to-fibre transfer capacity 

higher than that between fibres, telescopic pull-out failure may occur [23]. The failure mechanism of the yarns started 

with the fracture of the outer filaments, followed by the rupture of adjacent fibres, until reaching the core filaments, 

which were not in direct contact with the mortar (Fig. 24 a). 

For some specimens, failure occurred at all the yarns simultaneously; in other cases, the failure was characterized by 

progressive damage of one or few lateral yarns. This is confirmed by the dentate post-peak behaviour of some load-

strain curves evidencing the close progressive rupture of the basalt yarns, which started from a side of the sample and 

propagated to the other side.  
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Fig. 23 BFRCM coupons after testing: a) one-layer reinforced specimens; b) two-layer reinforced specimens 

 

Fig. 24 Failure mode of BFRCM specimens: a) thelescopic failure of grid longitudinal yarns and crack at the transversal 
yarn b) critical crack at the transversal yarn 

4.  

This paper presented an experimental study carried out on BFRCM coupons reinforced with one, two and three grid 

layers. Full field analysis of the coupon strain was carried out using DIC. From the experimental results and analyses 

the following conclusions can be made: 

 The BFRCM samples were characterized by a trilinear behaviour, which was more marked in the case of one-

layer reinforced strips showing a great extension of the crack development stage (Stage II); 
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 The maximum tensile stress of BFRCM specimens decreased with the increase of the number of reinforcing 

basalt grid layers and the maximum average strength was reached by the series characterized by the lowest 

reinforcement ratio (SP_1L); 

 The average peak stresses of the three series of specimens were lower compared to the peak stress of the dry 

basalt grid, with a decrease equal to 28%, 38% and 46% respectively for one, two and three-layer reinforced 

specimens. Similarly, the stiffness of the BFRCM series (SP_1L, SP_2L, SP_3L) in Stage III of the tensile 

grid; 

 The crack pattern was influenced by the reinforcement ratio. The higher the number of grid layers, the higher 

the number of cracks, which were closer together. Moreover, the crack opening during the tests was found to 

be influenced by the reinforcement ratio, with tighter cracks in the case of over-reinforced specimens.  

 The tensile failure was observed for all the coupons, with rupture near the gripping area or in the middle of the 

samples. Most failures were recorded in a cross section including a transversal yarn of the basalt grid. 

Telescopic failure was observed between external and internal fibres of the yarns. 

 Additional tests are recommended to support the results presented in this work, with reference to three-layer 

reinforced FRCM coupons. 
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