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ABSTRACT: In the last decades fibre reinforced polymers (FRP) composites have been 
extensively studied and used for strengthening and retrofitting existing reinforced (RC) concrete 
structures. A valid alternative to the use of FRP composites is represented by fibre reinforced 
cementitious matrix (FRCM) composites, which are comprised of high strength fibres 
embedded within a cementitious matrix. Although experimental and analytical studies about 
FRCM composites with carbon, glass, PBO, and steel fibre are available in the literature, very 
few studies concerning basalt FRCM composites can be found and their application is thus 
limited. In addition to their lower environmental impact, basalt fibres present suitable 
mechanical properties, good resistance to high temperature, and competitive costs. This paper 
shows the results of single-lap direct-shear tests on basalt FRCM-concrete joints employed to 
study the bond behaviour and mode of failure of this composite. Different composite bonded 
lengths were applied to investigate the presence of an effective bonded length, i.e. the length 
needed to fully develop the composite load-carrying capacity.  
 

 

1 INTRODUCTION 

During the past decades, the use of fibre reinforced polymers (FRP) composites has become an 
excellent alternative for strengthening and upgrading of existing structures. FRP composites 
present numerous advantages such as high strength-to-weight ratio, low density, good fatigue 
behaviour and ease of application. However, some drawbacks connected with the performance 
of the inorganic matrices employed, typically epoxy resins, make them not suitable to certain 
applications. According to Al-Sallooum et al (2012), among FRP limitations, it is possible to 
find the following: (1) debonding of FRP from the concrete substrate; (2) poor behaviour of 
epoxy resins at temperatures above the glass transition temperature; (3) relatively high cost of 
epoxies; (4) difficult application on wet surfaces or at low temperatures; (5) lack of vapour 
permeability; (6) incompatibility of epoxy resins with the substrate material, and (7) difficulty to 
conduct post-earthquake assessment of damage suffered by the structure. Different alternatives 
to FRP composites have been studied in the previous years, among which the use of inorganic 
cement-based matrices instead of organic resins showed promising results. Composite materials 
that employ inorganic cement-based matrix, usually referred to as fibre reinforced cementitious 
matrix (FRCM), allow for overcoming the issues presented by FRP composites. FRCM 



  

 

  

composites exhibit significant heat resistance and vapour permeability and can be applied at low 
temperatures or on wet surfaces (D’Ambrisi et al, 2012). While research carried out in the topic 
is still scarce, Pellegrino and D’Antino (2013), Ombres (2015) and Triantafillou et al (2006), 
among other researchers, have proved the effectiveness of this technique for flexural and shear 
strengthening, and confinement of axially/eccentrically loaded RC elements.  

The studies regarding FRCM composites are still limited and no European codes/guidelines 
addressing design requirements and methodology for this technique are available yet. ACI 
549.4R (ACI, 2013) is the only available guide for design and construction of FRCM systems. 
However, it is based on few experimental tests and the proposed equations still require further 
validation. 

As in case of FRP composites, the bond behaviour represents one of the more crucial aspects of 
designing FRCM strengthened structures (D’Ambrisi et al, 2013). Investigation on this topic 
focused on the different failure modes observed and on the evaluation of the effective bond 
length. The available literature has concentrated on the study of carbon, glass, and 
polyparaphenylene benzobisoxazole (PBO) FRCM composites. However in the recent years 
increasing interest has raised on the use of basalt fibres due to their high strength-to-weight ratio 
associated with lower impact on the environment (Ammar, 2014) and lower cost with respect to 
other more employed fibres.   

2 STATE OF THE ART 

2.1 FRCM bond behaviour 

Laboratory campaigns on bond behaviour of FRP-concrete joints have shown that the 
debonding surface, in most of the cases, is located within a thin layer of concrete substrate or at 
the FRP/concrete interface (Carloni and Subramaniam, 2012), which implies that the overall 
performance of the strengthening systems highly relies on the characteristics of the concrete 
substrate. In addition, the effective bond length, le, plays a key role on the load-carrying 
capacity of the system. According to Chen and Teng (2001), le can be defined as the length 
beyond which any increase in bond length does not provide an increase in the bond strength. 

In Figure 1, taken from D’Antino (2014), idealized applied load (P) vs global slip (g) curves for 
FRP and FRCM-concrete joints with bonded length longer than le are shown. The global slip g 
is defined as the relative displacement between points on the composite strip and on the 
concrete substrate just beyond the bonded length at the loaded end. For FRP composites (Figure 
1a) an initial linear phase develops until point A. After point A, which is associated with the 
onset of microcracking at the FRP-concrete interface, a nonlinear branch develops until point B. 
After B, the load remains constant until point C. For bonded length shorter than le, lower values 
of maximum load will be achieved, followed by a descending branch. However, for bonded 
lengths higher than le, the maximum attained load will not increase and only a longer BC 
segment will be seen as a consequence of the shifting of the stress-transfer zone (Subramaniam 
et al., 2007) toward the free end.   



  

 

  

 
Figure 1. Idealized applied load (P) vs. global slip (g) for  (a) FRP-concrete joints and (b) FRCM-concrere joints.    

For FRCM-concrete joints, however, the behaviour observed is different and, for this reason, 
current models and equations for FRP composites cannot be employed. First of all, as pointed 
out by several authors (Sneed et al, (2014), D’Ambrisi et al (2013), D’Antino et al (2014), Tran 
et al (2014)), the debonding process generally occurs at the matrix-fibre interface, which implies 
a limited influence of the concrete substrate in the final bond strength of the composite system. 

Furthermore, the idealized applied load (P) vs. global slip (g) curve shows important differences 
when compared to FRP-concrete joints, as shown in Figure 1b. As in case of FRP-concrete 
joints, in FRCM-concrete joints after an initial linear increase the applied load becomes non-
linear until the debonding load Pdeb is attained. However, due to the presence of friction 
(interlocking) between fibre filaments and between fibres and matrix, which is not observed in 
FRP-concrete joints, P increases further after Pdeb. Assuming a bonded length longer than le, the 
peak load, P*, is attained when the stress transfer zone, which shifts toward the free end with 
increasing the global slip after the onset of debonding, reached the free end. After this point, the 
applied load decreases with increasing global slip until the fibres are completely debonded and a 
constant applied load Pf, due only to friction, remains. 

2.2 Basalt fibres 

Basalt fibres are produced through the melting process of basalt rocks mainly in China, Russia 
and Ukraine, although they are distributed worldwide. The method requires lower energy than 
the one used to produce glass fibres, which results in a lower impact on the environment 
(Ammar, 2014). Also, the process does not contemplate the inclusion of any additives, reducing 
its production cost (Sim et al, 2005).   

Basalt fibres showed good resistance to low and high temperatures, vibration resistance and 
durability (Ludovico et al, 2010). In addition, they showed higher ultimate strain than carbon 
fibres as well as good resistance to chemical attack, impact load and fire with less poisonous 
fumes (Sim et al, 2005). In Table 1, a comparison of average properties of carbon, glass and 
basalt fibres is provided: 

Table 1. Comparison of fibres’ properties 

Fibre Tensile Strength 
(MPa) 

Elastic Modulus 
(GPa) 

Elongation at 
break (%) 

Carbon 3500-4000 230-800 0.5-1.5 
Glass 3100-3800 72.5-75.5 4.7 
Basalt 3000-4840 93-110 3.1-6 



  

 

  

3 TEST SET-UP 

The bond behaviour of basalt FRCM-concrete joints is investigated in this paper using the 
classical push-pull single-lap direct-shear test configuration (Sneed et al, 2014). The substrate 
material was replicated by means of concrete blocks (prisms) with 125 mm x 125 mm cross-
section and 500 mm length. The FRCM strip composite, applied to the prisms, was comprised 
of one layer of fibre net embedded within two 4 mm thick matrix layers. Fibres were embedded 
within the matrix along the bonded length, whereas they were left bare outside. The prisms were 
mounted in the machine and restrained using a steel frame in order to avoid the undesirable 
movements, as shown in Figure 2. Two aluminium plates were bonded with thermosetting 
epoxy to the bare fibres end to improve gripping during testing. The aluminium plates were 
clamped to the testing machine using two through-bolted steel plates connected to the machine 
by means of a hinge joint.  

Three LVDTs were mounted on a Ω–shaped aluminium plate that was bonded to the concrete 
block near (approximately 20 mm from) the loaded end of the composite. The LVDTs reacted 
off of a thin aluminium L–shaped plate bonded on the bare fibres just outside the bonded length 
(Figure 2). The average displacement measured by the two LVDTs on the sides of the 
composite corresponds to the global slip g, assuming that the substrate is rigid. The 
displacement measured by the central LVDT was used to control the test and was increased at a 
constant rate equal to 0.008 mm/s. 

 

 

 

   

Figure 2. Single-lap direct-shear test. a) Specimen geometry, b) Test set-up, c) Photo of specimen tested. 

4 MATERIALS 

The FRCM materials employed in this study were commercially available from a single 
manufacturer. The basalt fibre net was comprised of fibre bundles spaced at 25 mm in the 
longitudinal and transversal directions with an overall area weight of 350 g/m2. The bundles 
were coated to improve the adhesion with the matrix. The area Ab of a single bundle is 1,45 
mm2. The fibre tensile strength was determined through tensile tests conducted on three 
specimens comprised of one bundle of bare fibres. The average tensile strength σ*, computed as 
the ratio between the tensile peak load P* and the area of the single bundle, is equal to 1150 
MPa (coefficient of variation CoV=0.051). Compressive tests according to UNI EN 12390-3 
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were carried out on six 150 mm cubes cast from the same batch used to cast the concrete blocks. 
The average cubic compressive strength was 59.3 MPa (CoV=0.150). Two batches of the same 
matrix, named matrix S, were used at different times to cast the FRCM composite. Three 40 mm 
x 40 mm x 160 mm samples were cast from each batch of matrix used to prepare the FRCM. 
The same matrix samples were tested for bending and compression according to UNI EN 1015-
11 on the same day the corresponding direct-shear tests were carried out. The first batch had 
average flexural strength, fflex, and average compressive strength, rcm, equal to 6.87 MPa 
(CoV=0.061) and 24.80 MPa (CoV=0.046), respectively. The second batch had fflex=6.40 MPa 
(CoV=0.073) and rcm=24.71 MPa (CoV=0.060). 

5 EXPERIMENTAL RESULTS 

The bonded width of FRCM composite, b1=75 mm, was designed to include three longitudinal 
fibre bundles. Specimens were named following the notation DS_FMK_X_Y_Z, where F=fibre 
employed (B=Basalt), M=matrix employed (matrix S), K indicates the area weight of the fibre 
net (350 g/m2), X=bonded length (ℓ) in mm, Y=bonded width (b1 = 75 mm), and Z=specimen 
number. Three samples were cast for each bonded length. Four samples, one for each bonded 
length, had to be disregarded due to detachment of the composite strip from the concrete 
substrate during handling of the specimens prior to testing, which implies having just two values 
for each bonded length. In order to obtain more statistically meaningful results, further tests will 
be carried out. 

In Table 2, for each specimen tested, the peak load P* and the corresponding peak stress σ* are 
reported. Equation 1 provides the expression for σ*: 

bAn
P
⋅

=
*

*σ  (2) 

Where n is the number of longitudinal bundles within the bonded width and Ab is the area of a 
single bundle (1.45 mm2).  

All the samples failed due to fibre debonding at the matrix-fibre interface. The applied load (P)-
global slip (g) response of the tested samples is reported in Figure 3. The scatter observed 
between the different curves is due to the statistically distributed matrix-fibre bond properties, 
which in turn determined an uneven distribution of the applied load among the longitudinal 
bundles. The peak load values obtained with single-lap tests are lower than the measured fibre 
strength, which indicates a poor basalt fibre-matrix bond capacity. For instance, for the 
DS_BS350_450 samples, which provided the highest peak loads, the average load attained was 
36% of the fibre strength. Single-lap direct-shear tests carried out by D’Antino et al. (2015) on 
glass and carbon FRCM-concrete joints with bonded length ℓ = 450 mm provided a ratio 
between the direct-shear peak stress σ* and the fibre strength equal to 81% and 48%, 
respectively. 

Table 2. Single-lap direct-shear tests. 

Specimen name P* (N) σ* (N/mm2) 
DS_BS350_100_75_1 512.4 117.8 
DS_BS350_100_75_2 648.2 149.0 
DS_BS350_200_75_1 1291.6 296.9 



  

 

  

Specimen name P* (N) σ* (N/mm2) 
DS_BS350_200_75_2 1045.9 240.4 
DS_BS350_330_75_1 1645.2 378.2 
DS_BS350_330_75_2 1460.3 335.7 
DS_BS350_450_75_1 2020.2 464.4 
DS_BS350_450_75_2 1674.3 384.9 

The applied load (P) vs. global slip (g) (Figure 3) curves present a similar trend before peak 
load. After this, for ℓ equal or lower than 330 mm, it is possible to find a long plateau, which 
indicates that for these bonded lengths the friction between fibres and matrix and between fibre 
filaments is higher than the fibre-matrix bond. For ℓ = 450 mm, the load response shows drops 
due to rupture of one or more fibre bundles after the peak load was attained (Figure 3), followed 
by a constant branch of applied load corresponding to the contribution of friction (Pf).

 
Figure 3. Applied load (P) vs. global slip (g) curves.  

In Table 3 are reported the values of Pf obtained for each specimen. Pf was computed by 
averaging applied load values corresponding to global slip g greater or equal than 15 mm. The 
shear stress τf associated with friction, is calculated using Equation (2) and presented in Table 3 
as well: 

τ f =
Pf

2 ⋅n ⋅bf ⋅ ℓ
 (2) 

Where n is the number of longitudinal bundles, bf is the nominal width of a single longitudinal 
fibre bundle (5 mm), and ℓ is the bonded length. Therefore, the product nbfℓ corresponds to the 
nominal bonded area of one matrix-fibre interface. The coefficient 2 considers that the fibres 
slip with respect to both layers of matrix. Results of Table 3 show similar values of τf for 
bonded lengths equal or lower than 330 mm, which confirms that the constant branch after peak 
load is associated with friction. Values of τf obtained for specimens with ℓ = 450 mm are lower 
with respect to values of τf obtained for the other specimens due to the failure of some 
longitudinal bundles observed in specimens with bonded length ℓ = 450 mm.   
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Table 3. Friction load (Pf) and shear stress (τf) 

Specimen name Pf (N) l (mm) τf (N/mm2) Average τf 
(N/mm2) 

DS_BS350_100_75_1 397.5 100 0.133 
0.147 

DS_BS350_100_75_2 485.4 100 0.162 
DS_BS350_200_75_1 1191.1 200 0.199 

0.178 
DS_BS350_200_75_2 940.2 200 0.157 
DS_BS350_330_75_1 1599.7 330 0.162 

0.146 
DS_BS350_330_75_2 1298.6 330 0.131 
DS_BS350_450_75_1 1051.2 450 0.078 

0.070 
DS_BS350_450_75_2 837.0 450 0.062 

Figure 4 shows the variation of the peak load with the bonded length for the specimens tested as 
well as the average values (rhomboidal marker). Results indicate that the peak load P* increased 
with increasing bonded length, with lower increase rates for longer bonded lengths. However, 
due to lack of fibre strain measurements, it is not clear if the increase in P* is due to friction 
after debonding takes place or if it is because the bonded lengths employed are less than the 
effective bond length. 

 
Figure 4. Variation of the peak stress for different bonded lengths. 

6 CONCLUSIONS 

The experimental results obtained from single-lap direct-shear tests of FRCM-concrete joints 
with basalt fibres were presented in this paper. Based on the results of this study, the following 
conclusions can be drawn: 

- FRCM-concrete joints failed due to debonding of the fibre from the embedding matrix, 
although rupture of one or more fibre bundles was observed for specimens with ℓ = 450 
mm.The peak load values reported are significantly lower than the measured basalt fibre 
strength, indicating a poor fibre-matrix or matrix-substrate bond capacity. For 
specimens with ℓ = 450 mm the average peak load attained corresponds to 36% of the 
fibre strength. 



  

 

  

- The peak load increased with increasing bonded length, with lower increasing rate for 
longer bonded lengths. Future tests that will include fibre strain measurements are 
planned to determine if this increase is due to friction after debonding or because the 
bonded lengths employed are less than the effective bond length. 

- For specimens with ℓ = 330 mm or lower, the applied load (P) vs. global slip (g) curve 
followed a constant branch after peak load. The computed values of τf for those 
specimens are similar, which suggests that the constant applied load at the end of the 
tests is due to friction only. 

7 REFERENCES 
ACI Committee 549, 2013, Guide to Design and Construction of Externally Bonded Fabric-Reinforced 

Cementitious Matrix (FRCM) Systems for Repair and Strengthening Concrete and Masonry Structures. 
ACI549.4R-13, Farmington Hills, MI, U.S.A. 

Al-Salloum, Y., Elsanadedy, M., Alsayed, S., Iqbal, R., 2012, Experimental and numerical study for the 
shear strengthening of reinforced concrete beams using textile-reinforced mortar. Journal of 
Composites for Constructions, 74-90.  

Ammar, M.A., 2014, Bond Durability of Basalt Fibre-Reinforced Polymers (BFRP) bars under freeze-
and-thaw conditions. Master Thesis, Université Laval, Quebec (Canada). 

Carloni, C., Subramaniam, K.V., 2012. Application of fracture mechanics to debonding of FRP from RC 
members, ACI SP-286, 10-1-10-14. 

Chen, J.F., and Teng, J.G., 2001, Anchorage strength models for FRP and steel plated bonded concrete. 
Journal of Structural Engineering, 127(7), 784-191. 

D’Ambrisi, A., Feo, L., and Focacci,, F., 2013, Experimental analysis on bond between PBO-FRCM 
strengthening materials and concrete, Composites: Part B 44: 524-532. 

D’Antino, T., 2014, Bond Behaviour in Fiber Reinforced Polymer Composites and Fiber Reinforced 
Cementitious Matrix Composistes. PhD Thesis, University of Padova, Italy. 

D’Antino, T., Carloni, C., Sneed, L.H., and Pellegrino, C., 2014, Matrix-fiber bond behavior in PBO 
FRCM composites: a fracture mechanics approach. Engineering Fracture Mechanics, Vol. 117, 94-
111.   

D’Antino, T., Gonzalez, J., Pellegrino, C., Carloni, C. and Sneed, L.H, 2015, Experimental investigation 
of glass and carbon FRCM composite materials applied onto concrete supports. The 2nd International 
Symposium on Advances in Civil and Infrastructure Engineering, Vietri sul Mare, Italy. 

Di Ludovico, M., Prota, A., and Manfredi, G., Structural Upgrade Using Basalt Fibers for Concrete 
Confinement. Journal of Composites for Construction, Vol. 14, No. 5, 541-552. 

Ombres, L., 2015, Structural performances of reinforced concrete beams strengthened in shear with a 
cement based fiber composite material. Composite Structures 122: 316-329. 

Pellegrino, C., D’antino, T., 2013, Experimental behaviour of existing precast prestressed reinforced 
concrete elements strengthened with cementitious composites. Composite Part B: Engineering, 55: 
31–40.  

Sim, J., Park, C., and Moon, D., 2005, Characteristics of basalt fiber as a strengthening material for 
concrete beams, Composites Part B: Engineering, 36: 530-542. 

Shi, J., Zhu, H., and Wu, Z., 2013, Bond behavior between basalt fiber-reinforced polymer sheet and 
concrete substrate under the coupled effects of freeze-thaw cycling and sustained load. Journal of 
Composites for Construction, 17: 530-542. 

Sneed, L., D’Antino, T., and Carloni, C., 2014, Investigation of bond behavior of PBO fiber-reinforced 
cementitious matrix composite-concrete interface. ACI Materials Journal, V. 111, No. 1-6, 1-12. 

Subramaniam, K.V., Carloni, C., Nobile, L., 2007, Width effect in the interface fracture during debonding 
of FRP sheets from concrete. Engineering Fracture Mechanics, Vol. 74, pp. 578-594. 

Triantafillou, T., Papanicolaou, C.G., Zissinopoulos, P., and Laourdekis, T., 2006, Concrete confinement 
with textile-reinforced mortar jackets. ACI Structural Journal; 103(1): 28-37. 


