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I. INTRODUCTION
ibre Reinforced Cementitious Matrix (FRCM) are 
composite materials used for structural retrofitting due to 

their high strength-to-weight ratio (Arboleda et al., 2016; 
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Carozzi & Poggi, 2015; Tommaso D’Antino et al., 2014). They 
are formed by a textile embedded in a mortar matrix. Generally, 
the textile is an orthogonal grid of fibres made of carbon, 
alkaline resistant (AR) glass, basalt, aramid or synthetic 
polymer reinforcements such as PBO. The carbon fibres have 
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Resumen-- Las matrices cementosas reforzadas con fibras (MCRF) son materiales compuestos que se utilizan cada vez más para la 
rehabilitación de estructuras existentes debido a su elevada relación resistencia-peso. Las FRCM están formadas por un tejido embebido 
en una matriz de mortero. Generalmente, el textil es una rejilla ortogonal que puede estar hecha de fibras de carbono, vidrio resistente 
a los álcalis (AR), basalto, aramida o PBO. Los morteros pueden ser a base de cal o cementosos, y pueden incluir varias adiciones como 
polímeros, fibras y cenizas volantes. 

En este trabajo, para investigar sistemáticamente el comportamiento mecánico de los materiales compuestos FRCM sometidos a 
esfuerzos de tracción, así como el comportamiento en la interfaz FRCM-hormigón sometida a flexión, se realizó una revisión exhaustiva 
de los estudios experimentales. 

Se diseñó un protocolo para la revisión sistemática, en el que la selección de artículos estuvo motivada por la inclusión de 
investigaciones experimentales, dentro del corpus de Web of Science de artículos que trataban sobre materiales FRCM de carbono, 
mediante la inclusión de «carbono» en el resumen o en el título. 
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Generally, the textile is an orthogonal grid which can be made of carbon fibres, alkaline resistant (AR) glass, basalt, aramid, or PBO. 
Mortars can either be lime-based or cementitious, and may include several additions such as polymers, fibres and fly ash. 

In this work, to systemically investigate the mechanical performance of FRCM composites subjected to tensile stresses as well as the 
behaviour in the FRCM-to-concrete interface subjected to flexure, a comprehensive review was conducted on experimental studies. 

A protocol was designed for the systematic review, in which selection of papers was motivated by the inclusion of experimental 
research, within the Web of Science corpus of papers dealing with Carbon FRCM materials, by inclusion of “carbon” either in the 
abstract or in the title. 

Index Terms— Fibre Reinforced Cementitious Matrix; Tensile strength; Flexural strength; Retrofitting system. 

FRCM Composites para aplicaciones estructurales: 
una revisión sistemática 

FRCM Composites for structural applications: a 
systematic review

María Rodríguez Marcosa; Paula Villanueva Llauradób; Jaime Fernández Gómeza 

a Departamento de Ingeniería Civil: Construcción, ETSICCP, Universidad Politécnica de Madrid (UPM), Spain; 
m.rmarcos@alumnos.upm.es jaime.fernandez.gomez@upm.es

b Departamento de Estructuras y Física de edificación, ETSAM, Universidad Politécnica de Madrid (UPM), Spain; 
paula.villanueva@upm.es 

 



34 
 

Anales de Edificación, Vol. 10, Nº1, 33-44 (2024). ISSN: 2444-1309 

M. Rodríguez-Marcos, P. Villanueva Llauradó, J. Fernández Gómez. 

higher strength and stiffness and, also, they are lighter, though 
the material is more expensive, it is fragile. This type of fibres, 
together with AR glass fibres, are the most used. Mortars can 
be lime-based or cementitious, and can include several 
additions such as polymers, fibres and fly ash (Bertolesi et al., 
2014; Bilotta et al., 2017; Caggegi, Carozzi, et al., 2017; 
Caggegi, Lanoye, et al., 2017; Carozzi et al., 2017b; de Felice 
et al., 2020; Donnini et al., 2019; Leone et al., 2017; Lignola et 
al., 2017; Mazzucco et al., 2018; Ombres et al., 2019; Catherine 
G. Papanicolaou et al., 2008; Tekieli et al., 2017). 

The main advantages of FRCM systems compared with the 
more widespread use of FRP are: higher temperature resistance 
and even fire resistance thanks to cementitious matrix which 
performs similarly to concrete and masonry structures in case 
of fire, ability to be applied in wet surfaces, higher 
compatibility with masonry structures and vapour permeability 
(Arboleda et al., 2016; Awani et al., 2015; Bertolesi et al., 
2014; Butler et al., 2010; Tommaso D’Antino & Papanicolaou, 
2018; de Felice et al., 2014; De Santis & De Felice, 2015; 
Donnini et al., 2016; Escrig et al., 2015; Ombres, 2015; C G 
Papanicolaou & Papantoniou, 2016; Catherine G. Papanicolaou 
et al., 2008; Peled et al., 2017; Tetta & Bournas, 2016; Valluzzi 
et al., 2014). On the other hand, FRP systems typically present 
reinforcement-to-substrate failure, with the reinforcement 
keeping the composite performance, while the FRCM may 
present a premature slippage of the fibres within the matrix, 
thus losing the composite behaviour and limiting the overall 
performance of the reinforcement. 

Before designing a FRCM structural reinforcement, it is 
necessary to assess the mechanical properties of the system 
through tensile and flexural tests. The mechanical properties 
can largely differ among FRCM systems, depending both on 
textile and matrix characteristics and on their interfacial 
performance, as well as the support characteristics. As 
previously mentioned, the bond between the two components 
has a high influence in the overall behaviour of the composite, 
controlling the load transfer mechanism and being responsible 
of premature failure. The matrix may be unable to fully 
penetrate inside the yarn, so dry fibres rovings are generally not 
impregnated and the behaviour of the outer filament differs 
from that of the inner ones (T. D’Antino & Papanicolaou, 2017; 
Peled et al., 2008; Peled & Bentur, 2000). Therefore, the inner 
filaments can have a slippage (telescopic behaviour) which can 
be prevented by employing coatings or impregnation systems 
able to penetrate inside the yarn. Also, such coating may serve 
to protect the fibres and to improve the adhesion to the matrix 
(T. D’Antino & Papanicolaou, 2017; Hartig et al., 2012).  

Typically, FRCM systems show an idealized trilinear stress-
strain curve under uniaxial tensile stress as in Fig. 1. Each 
branch corresponds to a different cracking state. At the 
beginning there is an elastic phase (stage A), in which the 
applied load is carried by the uncracked matrix and the stiffness 
of the system is supposed to be like that of the mortar. When 
the tensile strength of the mortar is reached, the first crack 
appears, and the second phase starts (stage B). The slope of the 
stress-strain curve decreases during this phase, and the load is 

mainly transferred from the matrix to the embedded fibres. In 
the last phase (stage C), when the matrix is fully cracked, the 
existing cracks only increase their width; at this stage the textile 
is the responsible for sustaining the whole load, so stiffness and 
tensile strength can be related to textile properties. This third 
phase can either be present or not depending on the slippage 
between fibres and matrix, especially in composites with low 
strength matrix. In this paper, the existence or not and the 
effects on ultimate load of the trilinear behaviour were some of 
the analysed parameters. 

In this work, to systemically investigate the mechanical 
performance of FRCM composites subjected to tensile stresses 
as well as the behaviour in the FRCM-to-concrete interface 
subjected to flexure, a comprehensive review was conducted on 
experimental studies from 2015 to 2022 for tensile tests and 
from 2011 to 2022 for flexural tests. Following this search, the 
beams with FRCM shear reinforcement were excluded from the 
analysis. 

A protocol was designed for the systematic review, in which 
selection of papers was motivated by the inclusion of 
experimental research, within the Web of Science corpus of 
papers dealing with Carbon FRCM materials, by inclusion of 
“carbon” either in the abstract or in the title. This means that the 
research was restricted to CFRM, being carbon the most widely 
used fibre type for concrete retrofitting. 

The parameters that were chosen for assessment of tensile 
tests were:  

• Matrix properties: compressive strength, tensile strength 
and E. 

• Textile properties: grid spacing, coating (if any), density, 
tensile strength, E, ultimate strength. 

• Specimen characteristics: length, width, thickness, 
number of tensile longitudinal threads, textile cross 
section or volumetric percentage of reinforcement 

• Monitoring and testing: type of monitorization and data 
acquisition, test type and test parameters (test speed) 

• Results: identification of modulus of elasticity and tensile 
strength for each branch, number of identifiable branches 
in the stress-strain behaviour under tensile stresses. 

 
Fig. 1. Typical stress-strain curve for FRCM systems modified from CNR-DT 
215 (2018) (Guide for the Design and Construction of Externally Bonded FRP 

Systems for Strengthening Existing Structures, 2018). 
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Similarly, for flexural tests the following parameters were 
studied: 

• Support properties (size, material, in case of concrete 
compressive and tensile strength) and existence and (in 
any), arrangement of internal reinforcement. 

• Reinforcement properties: textile and matrix properties, 
composite behaviour, arrangement of main reinforcement 
and existence of shear/anchorage systems 

• Monitorization and testing: type of monitorization and 
data acquisition, test type (intermediate supports, number 
of loading points) and test parameters (test speed) 

• Results: crack load and ultimate load, ratio of 
improvement with FRCM reinforcement versus control 
tests, failure mode. 

II. DATABASE 
A database was created based on the bespoke parameters for 

tensile and flexural tests. Apart from differences in the material 
properties of support and reinforcement, the influence of the 
test arrangement was considered in the study as there is an 
important variation within the literature. In Fig. 2, the 
differences between the two more widely used support systems 
for tensile tests are graphically presented. 

Table 1 presents the collected database for tensile tests, 
comprising the data acquisition and support systems, as well as 
the test speed and the parameter of coated versus dry grids. 

 
 

 
Fig. 2. Support systems: a) clevis b) clamping 

TABLE I 
DATABASE FOR TENSILE TEST 

Authors Year Type of 
samples 

Coating 
Speed 

[mm/min] 
Data 

acquisition 
Support System 

Arboleda, 2014 2014 1 - 0.25 - - 
Arboleda et al., 2016 2015 4 Dry (2) Coated (2) 0.25 Extensometer Clevis (3) Clamping (1) 

Ascione et al., 2015 2015 1 Dry 0.6 
LVDT; 

Extesometer; 
Potenciometer 

Clamping 

Bellini et al., 2019 2019 2 Dry 0.1-0.2 Extensometer Clamping 

Carozzi et al., 2017a 2017 13 Dry (3) Coated (6) 0.1-1 
LVDT; DIC; 

Extensometer; 
Potenciometer 

Clevis (1) Clamping 
(11) 

Carozzi & Poggi, 2015 2015 1 Dry 0.1-0.5 Extensometer Clamping 

Choi et al., 2021 2021 2 - 1 
LVDT; 

Extensometer 
Clevis 

Tommaso D’Antino & 
Papanicolaou, 2017 

2017 4 Dry (1) Coated (3) 0.5 2 LVDT Clamping 

Tommaso D’Antino & 
Papanicolaou, 2018 

2018 4 Dry (2) Coated (2) 0.5 
LVDT, DIC, 
Gauge length 

Clamping 

De Domenico et al., 2022 2022 3 Dry (3) 0.2 Extensometer Clevis 
de Felice et al., 2020 2020 2 Coated - - - 
De Santis et al., 2018 2018 2 - 0.25-0.3 Extensometer Clevis (1) Clamping (1) 

Donnini et al., 2016 2016 14 
Dry (3) Coated 

(11) 
0.3 Extensometer Clevis 

Ebead et al., 2017 2017 1 - 0.25 
Displacement 

transducer 
Clevis 

Estevan et al., 2022 2022 1 Coated 0.2 LVDT; DIC - 
H.-S. Kim et al., 2018 2018 6 - 0.5 LVDT Clamping 

Rodríguez-Marcos et al., 2023 2023 8 Dry (3) Coated (5) 0.5 DIC Clamping 
Mei ni Su et al., 2022 2022 8 Dry (6) Coated (2) 0.2 2 LVDT Clevis 

Tran et al., 2019 2019 9 Dry (3) Coated (6) 0.5 2 LVDT Clamping 
Truong et al., 2021 2021 9 Dry (7) Coated (2) 1 2 LVDT, DIC Clamping 

L. L. Wei et al., 2020 2020 7 - 0.2 Extensometer Clevis 
Younis et al., 2020 2020 4 Dry 0.25 Extensometer Clevis 
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On the other hand, in flexural tests it was found that the 
variability was much greater. The main arrangements depended 
on whether the reinforcement was designed for either negative 
or positive bending moment. Also, in some cases, different 
anchorage systems were used to prevent debonding, in similar 
arrangements to those of FRP reinforcements. In Fig. 3, test 
arrangements for flexural test in the database are summarised. 

As previously mentioned, the different arrangements are 
related to the number of supports and, consequently, to the 
number of points in the test. Table 2 presents the collected 
database for flexural tests, summarising the test arrangement, 
the number of layers of reinforcement in the different tests, and 
the data acquisition system. 

 

 
Fig. 2. Support systems: a) clevis b) clamping 

TABLE II 
DATABASE FOR FLEXURAL TEST 

Authors Year Type of 
samples 

Coating 
Speed 

[mm/min] 
Data acquisition Support System 

(Akbari Hadad et al., 2018) 2018 3 Bottom 1/2 Strain gauges, LVDT 3 points 

(De Santis et al., 2018) 2020 4 Bottom 1/4 
Strain gauges, 2 

LVDT 
4 points 

(Bressan et al., 2022) 2022 2 Bottom with anchor 2 
Strain gauges, 2 

LVDT 
4 points 

(D’Ambrisi et al., 2013) 2013 6 
Bottom/ with 

anchor/ with U 
2 Strain gauges 4 points 

(Ebead & El-Sherif, 2019) 2019 4 Bottom 1 
Strain gauges, 2 

LVDT 
4 points 

(Ebead et al., 2017) 2017 6 Bottom 1/2/3 Strain gauges, LVDT 4 points 
(El-Sherif et al., 2020) 2020 2 Bottom 4 Strain gauges, LVDT 4 points 
(Elghazy et al., 2017) 2017 3 Bottom with U 3 Strain gauges 4 points 
(Elghazy et al., 2018) 2018 2 Bottom with U 2/3 Strain gauges 4 points 

(Feng et al., 2020) 2020 8 
Bottom and top/ 

with U 
2/3 

Strain gauges, 5 
LVDT 

5 points 

(Jabr et al., 2017) 2017 2 Bottom with U 2 
Strain gauges, 3 

LVDT 
4 points 

(Khattak et al., 2021) 2021 4 Bottom 2/4 
Strain gauge, 2 

LVDT 
5 points 

(H.-Y. Kim et al., 2022) 2022 5 Bottom/with anchor 1 2 LVDT 3 points 
(H.-Y. Kim et al., 2021) 2021 4 Bottom 1 2 LVDT 3 points 
(H.-Y. Kim et al., 2020) 2020 6 Bottom 1/2 Strain gauges, LVDT 4 points 

(Mandor & El Refai, 2022) 2022 2 
Top with U/ Bottom 

with U 
2 

Strain gauges, 6 
LVDT 

5 points 

(Raoof & Bournas, 2017) 2017 4 
Bottom/ with 

anchor 
1/3 2 LVDT 4 points 

(Raoof et al., 2017) 2017 5 Bottom with U 1/3/5 2 LVDT 4 points 
(Mei-ni Su, Wei, Zhu, et al., 

2019) 
2021 2 Bottom 2 Strain gauges 4 points 

(Mei-ni Su et al., 2020) 2020 5 
Top and bottom/ 

top/ bottom 
2 

Strain gauges, 4 
LVDT 

5 points 

(Mei-ni Su, Wei, Zeng, et al., 
2019) 

2019 4 Bottom 1 3 LVDT 4 points 

(L. Wei et al., 2021) 2021 3 Bottom 1/2/4 
Strain gauge, 

extensometor, 3 
LVDT 

4 points 
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III. DISCUSSION 

A. Tensile test. 
The differences in terms of the exploitation ratio (ultimate 

tensile strength of the composite to tensile strength of the 
textile), regarding the test system, were statistically analysed. 
The distribution is not normal, and it was found that no 
significant statistical difference exists between clamping and 
clevis system. Fig. 4. shows the exploitation ratio for clamping 
and clevis systems. Mean exploitation ratio and standard 
deviation for clamping system is 63.03%±81.70% and for 
clevis is 60.92%±48.21%. Nevertheless, it was observed that 
trilinear behaviour in the stress-strain curves only appeared 
when clamping systems were employed. Also, for specimens 
with the same mortar and grid, clamping system obtained better 
results in terms of ultimate load, as can be observed in the 
results by D. A. Arboleda, F.G. Carozzi and A. Nanni 
(2016)(Arboleda et al., 2016). The ultimate tensile strength for 
camping system was 1492 MPa while for clevis was 1031 MPa. 

Similarly, an analysis was performed to compare coated and 
non-coated fibres. The distribution in not normal and there are 
no statistical differences between groups. The mean and 
standard deviation were 84.72%±94.62% for coated grids and 
47.44%±30.05% for dry ones. Fig. 5 corresponds to the 
exploitation ratios for each group. Generally, it is more 
common to obtain trilinear stress-strain curves for coated 
textiles (Carozzi et al., 2017b; Tommaso D’Antino & 
Papanicolaou, 2017, 2018; Rodríguez-Marcos et al., 2023; 
Truong et al., 2021) than for dry grids (Arboleda et al., 2016; 
Bellini et al., 2019; Carozzi et al., 2017b; Carozzi & Poggi, 
2015).  

Fig. 6 collects the idealized stress-strain curves for the 
analysed tests. The tests were grouped according to the test 
configuration and coated versus uncoated grids. Blue lines 
correspond to dry textile, red lines to coated textile and grey 
lines to non-specified. The dashed lines are for clevis systems 
and the continuous for clamping. The higher precracking 
strength and ultimate strength of a group of samples with 
impregnated textile and tested with clamping can be clearly 
seen. Due to the large number of tests, the curves are grouped 
by coating and test type for easier analysis 

Fig. 7 and 8 show the idealized stress-strain curves for, 
respectively, uncoated and coated FRCM systems. Each Fig. 
has two graphics depending on the test system. The scale for 
stress is limited to 2000 MPa in uncoated systems and 
7000 MPa in coated systems, so the curves with different 
coating cannot be compared directly. The number of dry textile 
samples tested with clevis is 12 and with clamping is 24. There 
is a greater dispersion in clamping samples, although there is 
also greater variability in the properties of the meshes. The 
sample with a compressive strength of 48 MPa and a textile 
tensile strength of 4800 MPa tested with clamping is the unique 
FRCM system with pre-cracking strength higher to 1000 MPa 
(Rodríguez-Marcos et al., 2023). 

Coated textile grids are studied to a lesser extent than 
uncoated grids, the number of samples tested with impregnated 
grids is 26 versus 36 with dry fibres. Although in the case of 
coated meshes, the use of clamping systems is much greater (23 
samples) than clevis system (3 samples). There are clearly two 
groups in the systems tested with clamping, the samples with 

 
Fig. 4. Exploitation ratio depending on the support system. 

 
Fig. 5. Exploitation ratio depending on the coating of the textiles. 

 
Fig. 6. Stress-strain idealized curves for FRCM systems. Blue lines are for dry 

textile, red for coated textile and grey lines for not specified. Dash lines are 
for clevis and continuous lines for clamping. 

 
Fig. 7. Stress-strain idealized curves for FRCM systems for dry textile. a) 

Clevis b) Clamping. 
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better behaviour have a pre-cracking strength higher than 
1000 MPa and ultimate strength higher than 2500 MPa 
(Carozzi et al., 2017b; Tommaso D’Antino & Papanicolaou, 
2017; Rodríguez-Marcos et al., 2023). The samples with worst 
behaviour have a pre-cracking strength lower than 500 MPa and 
an ultimate tensile strength lower than 1500 MPa, also, the 
ultimate strain for this group is bigger. It should be noted that 
the mechanical properties of the textile and matrix are similar 
in both groups, as well as test set up, the only possible 
difference being the type of coating (acrylic resin and epoxy 
resin). 

Fig.  9 presents the results in terms of ultimate stress versus 
rupture stress of the grid. It can be observed from  Fig. 10. that 
most textiles have a tensile strength within the range of 1500-
2500 MPa. Within this group, there is a large variation in terms 
of ultimate strength of the composite material, ranging from 
1000 to 3000 MPa with no correlation between the tensile 
strength of the textile and that of the FRCM. There is a small 
group of samples, corresponding to 3500-4000 MPa of the 
textile, in which the overall exploitation of the composite 
material is remarkable, achieving ultimate tensile strengths up 
to twice that of the textile. No significance improvement seems 
to be achieved increasing the tensile strength of the grid up to 
5000 MPa, given that the performance depends more on matrix-
to-grid adherence and slippage than on failure of the textile. The 
12 samples (Bellini et al., 2019; Carozzi et al., 2017b; Choi et 
al., 2021; Tommaso D’Antino & Papanicolaou, 2017; De Santis 
et al., 2018; Rodríguez-Marcos et al., 2023; Mei ni Su et al., 
2022) with higher ultimate tensile strength than ultimate textile 
strength have different mechanical properties of textile (tensile 
strength from 441 MPa to 3600 MPa) and matrix (mortar 
compressive strength from 10 MPa to 71 MPa), different test 
set up (clevis and clamping) and the textile is coated and 
uncoated. It can be concluded, then, that no individual 
parameter was determinant for such good performance, as they 
do not share any characteristic. 

Fig. 11 presents the results in terms of ultimate stress versus 
pre-cracked stress and versus ultimate stress in the mortar. For 
each tensile strength of the mortar, there is a pair of FRCM 
values, the cross corresponds to the crack initiation (T1) and the 
dot to ultimate strength. There is no correlation between mortar 
strength and FRCM strength, neither cracking nor ultimate 
strength. The most common tensile strength for the mortar is 
between 2 and 6 MPa and the highest composite strength 
around 3 MPa. The cracking resistance of the FRCM does not 
affect the ultimate strength, the ratio between ultimate strength 
and cracking resistance is between 2 and 4 for the FRCM 
systems with the highest ultimate strength. The tensile strength 
of the mortar neither affects the relationship of ultimate and 
cracking strengths, as the highest ratios were found for 
strengths below 5 MPa. 

B. Bending test. 
The analysis was focused on flexural performance, thus 

assessing the relevance of the inclusion of anchorage systems 
for the longitudinal reinforcements, and the differences in terms 
of isostatic and hyperstatic beams.  

The first analysis comprises the comparison in terms of 
failure modes. In Fig. 11, the distribution of failure modes for 
different beam configurations is presented. 

It can be observed from  Fig. 12. that the prevailing failure 
modes are slippage of the textile within the matrix and 
debonding at the matrix-to-textile interface. These, together 
with slippage of the textile and cracking of the outer layer of 
mortar, are similar failure modes, defined in CNR DT 215/2018 
(Guide for the Design and Construction of Externally Bonded 
FRP Systems for Strengthening Existing Structures, 2018). In 
all cases, they correspond to insufficient adherent strength 
between the matrix and the textile, the main difference being 
the complete detachment of some layers of textile from the first 

 
Fig. 8. Stress-strain idealized curves for FRCM systems for coated textile. a) 

Clevis b) Clamping

 
Fig. 9. Ultimate strength of FRCM versus tensile strength of textile

 
Fig. 10. Pre cracking and ultimate tensile strength of FRCM versus tensile 

strength of mortar 
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layer of matrix, or the preservation of some adherence between 
different layers of matrix. They correspond to undesired failure 
modes related to the poor adherence previously reported in most 
tensile tests, which hinders full exploitation of the composite 
properties. 

The reason for support failure can be found in an optimised 
design of the test and specimen size according to the ratio of 
reinforcement (H.-Y. Kim et al., 2020), and this was only 
achieved in 11% of all tests. Also, this failure mode can be due 
to insufficient section in the concrete corresponding to low 
ultimate loads independently from the reinforcement design, 

prior to other failures, or even to low exploitation of the 
reinforcement for high ultimate load of the control beams 
(Mandor & El Refai, 2022; Mei-ni Su et al., 2020).  

It is more interesting the 19,5% of tests that achieved 
debonding at the matrix to support interface and the support, 
this being a failure mode closely related to FRP composites, in 
which the composite material behaviour is maintained until 
failure of the structure. In this case, depending on adherent 
properties in the substrate to matrix interface, it is possible to 
observe a cohesive failure (Khattak et al., 2021) or (more 

 
Fig. 11. Failure modes 

 
Fig. 2. Failure modes bending 3 points. 

 
Fig. 3. Failure modes bending 4 points. 

 
Fig. 4. Failure modes bending 5 points. 

 

 
Fig. 15. Ratio ultimate load/control load (ΔPu) depending on failure mode. 

 
Fig. 16. Ratio ultimate load/control load (ΔPu) depending on the existing and 

type of anchoring system. 

 
Fig. 17. Ratio ultimate load/control load (ΔPu) depending on the coating of 

the textile.

 
Fig. 18. Ratio ultimate load/control load (ΔPu) depending on the number of 

layers of textile.
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commonly) detachment of the reinforcement (Feng et al., 2020; 
H.-Y. Kim et al., 2022; Raoof et al., 2017; Raoof & Bournas, 
2017; L. Wei et al., 2021). 

Fig. 12, Fig. 13 and Fig. 14 correspond to failure modes 
depending on the type of test: 3 points, 4 pints and 5 points, 
respectively. 

The mechanical and geometrical properties of the beams 
and their components, as well as the test set-up of the beams 
with a load increment in the upper 10% range, were analysed. 
The samples were taken from 6 papers (Akbari Hadad et al., 
2020; Ebead et al., 2017; El-Sherif et al., 2020; Elghazy et al., 
2018; H.-Y. Kim et al., 2020; Raoof et al., 2017), and all were 
tested in 4-point bending. The reinforcement was on the bottom 
face and only one of the beams had a U-shaped anchorage 
(Elghazy et al., 2018). The failure mode is not common: three 
of the beams failed at the support (H.-Y. Kim et al., 2020), those 
corresponding to the slab-type beam with a depth of 20 cm, a 
width of 1 m and a length of 1.8 m; two failed by slippage of 
the textile (within matrix and cracking the outer layer of mortar) 
(Ebead et al., 2017; El-Sherif et al., 2020), one failed by 
debonding at matrix-to-support interface (Raoof et al., 2017) 
and one failed by debonding at the matrix-to-textile interface 
(Akbari Hadad et al., 2020). The compressive strength of the 
beam concrete ranged from 20 MPa to 68 MPa, with 
compressive strength of 40 MPa for the beam with the largest 
increment (El-Sherif et al., 2020). Most of the meshes were 
uncoated, the only beam reinforced with a coated textile had an 
increment in the ultimate load/control load of 95% (Akbari 
Hadad et al., 2020). The tensile strength of the meshes was very 
variable (450-4800), as was the number of layers employed 
(1-5). The beam reinforced with the highest textile strength 
(4800 MPa) and five layers had the highest increment (El-
Sherif et al., 2020). The  Fig. 15. corresponds to the ratio 
ultimate load/control load depending on the failure mode. All 
the samples exhibiting textile failure had an ultimate load 
increment between 20 MPa and 40 MPa, which is the smallest 
range of all failure modes. On the other hand, the failure due to 
support had the largest range, the lower ratio ultimate 
load/control load are the result of incorrect design of the support 
(high steength of the control specimens without need of 
reinforcement or too low ultimate loads independently from the 
reinforcement design) and higher increments were caused by 
fuller exploitation of the reinforcement. 

Fig. 16 presents the differences in terms of the ratio ultimate 
load/control load for anchored and unanchored flexural 

reinforcements. The distribution is not normal, and it was found 
that no significant statistical difference exists between 
unanchored, anchored, nor within the anchored samples with 
different anchor types. Mean ultimate load increment and 
standard deviation for unanchored system is 27.05%±12.53%, 
for anchored is 33.09%±23.24%, and for anchored with U is 
27.33%±23.29%. 

Similarly to tensile tests, the potential influence of coating 
system on exploitation of the fibres was assessed for beams. 
Fig. 17 shows the ratio ultimate load/control load for coated and 
uncoated textile. The distribution is not normal and there are no 
statistical differences between groups. The mean and standard 
deviation were 26.91%±19.61% for impregnated grids and 
40.37%±33.23% for dry ones. The failure mode of beams 
reinforced with coated textile is a desired one (support, tensile 
failure of textile, debonding with cohesive failure within the 
substrate of reinforcement or debonding at the matrix-to 
support interface) in 45% of specimens while for uncoated 
meshes is in 44%. 

 Fig. 18 presents the increment of ultimate load with respect 
to a control load depending on the number of layers of the 
composite. The differences between groups were statistically 
analysed. The distribution is not normal, and it was found that 
some of the significant statistical difference exists between 
some of the groups. The ANOVA test employed was Kruskal-
Wallis with a significance p-value of 0.05. The mean and 
standard deviation for beam with 1, 2, 3 or 4 layers was 
31.77%±19.04%, 20.51%±23.35%, 42.20%±25.05% and 
47.11%±39.69%, respectively. There is no statistical difference 
between groups with 1, 3 and 4 layers, and between 2 and 4 
layers. The differences are mainly due to the variability of the 
mechanical properties of the FRCM systems as well as those of 
the support, and not so significantly to the number of layers of 
textile employed. 

Also, the influence of compressive strength of concrete 
support and of internal reinforcement in the overall behaviour 
of beams was analysed, as can be observed in Fig. 19 and 20. 
Compressive strength of the support usually ranges between 20 
and 50 MPa and, even if there is not a strong correlation, 
generally the ratio ultimate load/control load increased with the 
compressive strength. It should be noted from the Fig. 20 that 
steel reinforcement ratio had no correlation with the increment 
of the ultimate load. 

  
Fig. 19. Ratio ultimate load/control load (ΔPu) versus support compressive 

strength 
Fig. 20. Ratio ultimate load/control load (ΔPu) versus steel reinforcement 

ratio. 
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IV. CONCLUSIONS 
In this paper, 44 research papers were systematically 

reviewed to study the current state of the art for tensile 
characterization of FRCM and for flexural reinforcement of 
beams.  

It was concluded that the large scatter prevents generalization 
of parameters affecting the tensile performance of FRCM 
systems. Nevertheless, it was observed that trilinear behaviour 
in the stress-strain curves only appeared when clamping 
systems were employed. Also, for specimens with the same 
mortar and grid, clamping system obtained better results in 
terms of ultimate load. The cracking resistance of the FRCM 
was not found to affect the ultimate strength, the ratio between 
ultimate strength and cracking resistance is between 2 and 4 for 
the FRCM systems with the highest ultimate strength. The 
tensile strength of the mortar neither affects the relationship of 
ultimate and cracking strengths, as the highest ratios were found 
for strengths below 5 MPa. 

For flexural tests, it was assessed the prevalence of the 
different failure modes, and it was analysed in terms of 
increment of load with respect to control specimens. The result 
for each beam was found to be a relationship between the 
support (concrete) strength, the reinforcement design and the 
test type, more than an effect of a particular parameter. 
However, it should be noted that a weak correlation was found 
between the support compressive strength and the ratio ultimate 
load/control load.  

The constructed database allowed observing the ranges of 
tensile strength of FRCM and of increment of strength in 
reinforced concrete beams. This is a starting point for further 
research on configurations, following the observation of the 
optimal results from literature.. 
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