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Abstract: Much research has been conducted and published on the examination of the behavior of 

reinforced steel and concrete structures with a FRP system. Nevertheless, the performance of FRP 

differs from that of FRCM, particularly at high temperature and ultimate strength. The present 

study provides a review of previous research on structural elements (viz. beams, columns, arches, 

slabs, and walls) retrofitted with FRCM systems, taking account of various parameters, such as lay-

ers, composite types, configurations, and anchors for controlling or delaying failure modes (FMs). 

Additionally, this paper discussed the details of different FMs observed during experimental tests, 

such as crushed concrete or bricks, fiber debonding from substrate materials, slippage, fiber rup-

ture, and telescopic failure for strengthened specimens. Moreover, this paper investigated where 

and how fractures may develop in structural elements retrofitted with the FRCM system under 

various retrofit scenarios. To this end, in addition to the review of the relevant literature, a large 

dataset has been compiled from different (RC) structural elements and masonry members. Next, a 

relationship is developed between failure modes (FMS) and influential parameters, i.e., the number 

of layers and the type of composite, based on this dataset. This can be used as a benchmark example 

in future studies, as there is no such basis available in the literature, to the best of the authors’ 

knowledge. 

Keywords: fabric-reinforced cementitious matrix (FRCM); failure modes (FMs); debonding;  

slippage; fiber rupture 

 

1. Introduction 

Over the past few decades, conventional strengthening methods, such as the use of 

externally bonded steel plates, have been facing serious difficulties; hence, fiber-rein-

forced polymers (FRPs) have shown suitable performance for such purposes [1–3]. The 

use of FRP composites to reinforce and repair historical as well as concrete structures has 

been accordingly considered by many researchers thanks to its advantages [4–6]. In fact, 

fiber reinforcement plays a substantial role in strengthening structural elements, espe-

cially in altering brittleness [7]. In this sense, FRPs are much more attractive in civil engi-

neering and the construction industry owing to their unique benefits [8–10], including 

weight resistance, corrosion resistance, high ductility, simple and high-speed 
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implementation, and excellent adhesion to masonry substrates. FRP composites have also 

been utilized to attach to the surface of some elements via organic matrix-like epoxy resins 

[11,12]. In spite of their many advantages, a series of defects in such polymers have been 

similarly observed, i.e., difficulty in use at low temperatures, no use on wet surfaces, dif-

ferences in materials applied between epoxy resins and concrete substrates, working haz-

ards, thermal compatibility problems, different thermal coefficients between epoxy resins 

and material substrates, no fire resistance at high temperatures, the cost of epoxies, low 

glass (G) transition temperature, and insufficient vapor permeability [13,14]. As a result, 

poor bonds have often given rise to the premature delamination of epoxy resins as sub-

strates [15,16]. 

To deal with the problems in utilizing the organic matrix, researchers have been try-

ing to find other ways to replace epoxy resins through inorganic forms, such as a similar 

genus with concrete substrates [17]. Inorganic matrix can be thus suggested at low tem-

peratures and into wet surfaces since it accepts vapor permeability and has a better heat 

resistance and lower costs compared with epoxy resins. In general, the novel pattern of 

reinforcements has been recently introduced with the aim to increase performance and 

minimize total product costs. Furthermore, textile-reinforced concrete (RC), in compari-

son with the well-known FRP, carries unique advantages such as being light-weight, fast 

in the application, easy to handle, and cheap [18–20]. 

The FRCM system, an inorganic matrix, has been presented as a stable and durable 

replacement instead of FRPs (such as epoxy resins) to meet their disadvantages and short-

comings. Meanwhile, several names have been suggested thus far, including FRCM, tex-

tile-reinforced mortar (TRM), and textile-reinforced cementitious (TRC). The FRCM sys-

tem contains the supplies with dry fiber mesh in two orthogonal directions. Similarly, 

fabric composites are buried in a mortar-based layer of cement. In recent research regard-

ing the improved performance of FRCM, especially in terms of mesh adhesion, a unique 

grid has also been designed to penetrate mortar grains well into the fabric and result in a 

strong lock that prevents impermeable or fracture failure [21]. To increase the functional-

ity of the FRCM system, several types of fiber Gs have also been used, such as polypro-

pylene (PP), polyethylene (PE), and polyoxymethylene (POM). In this regard, POM has 

more engineering applications, and its mechanical properties are more appropriate than 

PP and PE. In similar research, carbon (C), G, basalt, steel, and recently polypara-

phenylene benzobisoxazole (PBO) have been further utilized. It is of utmost importance 

to mention that the FRCM system has even been improved by ultra-high mesh (UHM), 

especially PBO, whose mechanical properties have been enhanced compared with C fiber. 

Moreover, PBO can have a significant impact on energy absorption capacity, high friction, 

fire resistance, and compatibility. Additionally, they have been used for some samples in 

several studies [22–24]. 

Some research has been conducted and published as review papers on the upgrading 

of structural elements [7,11,25], focusing mostly on strengthening steel structures and con-

crete structures using FRP systems. However, the behavior of FRP differs from that of 

FRCM systems, particularly at high temperatures and ultimate strength. Although a hy-

brid combination of CFRP and BFRP was proposed for strengthening structural beams at 

high temperatures, not many details are reported about this issue [8]. First, the expected 

cost was not argued. Second, it was unclear how successful the proposed reinforcement 

would be in various temperature ranges. High temperatures can alter the conventional 

failure modes, and only limited research has been conducted on this topic to accurately 

evaluate the performance of FRCM for the strengthening of concrete members during 

temperature change [4,26]. 

Alabdulhady et al. [27] investigated the torsional strengthening of RC beams using 

FRCM composites and reported a series of details regarding strengthening methods (in-

cluding the type of composite, the number of textile layers, wrapping, and modes of fail-

ure), reinforcement configuration, and anchorage systems. However, there are a few 

shortcomings in this study, e.g., the effects of temperature and type of matrix (different 
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mortars were not studied). Koutas et al. [16] provided a literature review on the tensile 

and bond response of FRCM systems, as well as flexure and shear strengthening, with an 

emphasis on seismic strengthening. However, no design formulations were provided in 

their study. The present study begins with a review of previous research on structural 

elements retrofitted with the FRCM system and further proposes a design formula that 

takes into account various parameters, such as layers, composite types, configurations, 

and anchors, to control or delay FMs. In fact, the FRCM systems exhibit better perfor-

mance at high temperatures compared with FRPs and even decrease the length of cracks 

in strengthened specimens. Furthermore, a comprehensive dataset was collected from dif-

ferent elements, including beams, walls, slabs, and arches. Afterwards, the results are de-

picted in the ratio of load-carrying capacity to the number of layers and type of composite 

curves, in the forms of beam and column, taking into account various failure modes of 

slippage, fiber rupture, delamination, debonding, and crack for flexural and shear behav-

ior of beams and their failure modes, including slippage, fiber rupture, telescopic failure, 

and debonding for the column. For other members, findings are analyzed and discussed 

using the ratio of load-carrying capacity to the type of composite curves with respect to 

their failure modes. Overall, this paper reflects on the relationship between composite 

types and layers against FMs in various structural elements. This can be utilized as a 

benchmark example in future studies, as there is no such basis available in the literature, 

to the best of the authors’ knowledge. 

2. Materials 

2.1. Mortar 

According to Escrig et al., and Donnini et al. [13,15], mortar in the FRCM or TRM 

systems can be classified into high-performance, lime-based, and cementitious types. The 

lime-based one is often used for historical masonry structures, even though higher me-

chanical properties are suitable to repair concrete elements. The latter has also been sug-

gested for shells. Table 1 shows the mechanical properties of different mortar matrices in 

terms of compressive and tensile strength, with reference to the BS EN 1015-11: Methods 

of Test for Mortar for Masonry. Bonding strength values are also obtained from the man-

ufacturers. After the formation of one or two horizontal cracks in a cracked specimen, 

slippage of the fabric within the specimen is recognized as a prominent failure mode in 

LM mortar. Given a strong bond developed at the fiber-mortar interface, the CM mortar 

failed due to fabric breakage. Fabric failure occurs as a result of fiber rupture in HPM 

mortar. Because a large amount of energy is released when the first crack is formed in the 

mortar, this is referred to as premature failure. The fracture energy data, reported in Table 

1, corroborates this assertion. When compared to other materials, HPM fracture energy is 

the highest reported measurement. 

Table 1. The mechanical properties of mortars in FRCM systems [15]. 

Mortar 
Compressive 

Strength (MPa) 

Tensile 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Fracture Energy 

(MPa)0.5 

Lime-based (LM) 15 1.75 9 0.027927 

Cementitious fiber 

reinforced (CM) 
25 2.54 23 0.033646 

High-performance 

Mortar (HPM) 
80 2.71 39 0.034753 
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2.2. Grid 

The TRM or FRCM composite materials consist of fiber rovings configured in two 

orthogonal directions. The fabric rovings are thus spaced apart, forming a mesh. The fiber 

roving with perforations in between also provides some mechanical interlocks between 

the fabric and the matrix, which creates a suitable place to embed grand sand between the 

fiber rovings. The spacing between the rovings then provides the impregnation in bundles 

and enables the mortar bond strengthening between consecutive mortar layers. There is 

no special standard for the mesh size of the grid, although it is considered variable, rang-

ing from 8 to 30 mm, for some materials, such as C, G, basalt, PBO, and steel. The coating 

of textiles similarly enhances the stability of the textile materials by retrofitting the bond 

between the textile and the matrix, which prevents premature failure due to uniform dis-

tribution stress [14,16,22]. 

2.3. FRCM 

The properties of the FRCM system can be enhanced by using an ultra-high PBO 

fiber. It is noteworthy that the geometrical and mechanical characteristics of the PBO fiber 

are higher than C fiber-reinforced polymers (C-FRPs), as shown in Table 2 and Figure 1. 

As well, PBO and steel grids act in a unidirectional manner despite the others that have 

the same characteristics in both principal orthogonal directions, so they are designed to 

be exploited in masonry structures [13]. Numerous parameters, most notably the type of 

FRCM system, affect the stress-strain response of FRCM specimens, as shown in Figure 1. 

The cracking of the mortar is a critical factor influencing the stress-strain behavior. Nota-

bly, early mortar cracking commonly occurs when the mechanical properties are relatively 

poor. In fact, the mortar cracking is monitored via the bond between the fibers and the 

mortar itself. Additionally, a weak bond at the fiber-matrix interface results in the prem-

ature failure of the FRCM system due to stress being transferred to the fibers abruptly, 

despite the fact that the load applied is far less than the mesh tensile strength. In contrast, 

if a high-performance matrix such as mortar is employed, stresses in the fiber mesh can 

be transferred. In addition, the crack phenomenon occurred totally independent of any 

premature failure [28]. The properties of the fibers are specified in the bidirectional direc-

tion, whereas the parameters of the reinforcement are specified in the primary direction 

of the reinforcement. Thus, the distinctions between grid and basic fiber materials are as-

sociated with their unidirectional and bidirectional applications. 

Table 2. The properties of grids and fibers. 

The Mechanical Properties and Details of Grids and Fibers Basalt Carbon Glass PBO Steel 

Fiber 

Fiber orientation N.A. Bi Bi Bi Uni Uni 

Ultimate tensile 

strength 
f�� (MPa) 3080 4320 2610 5800 3200 

Young’s modulus E�� (GPa) 95 240 90 270 206 

Ultimate strain ε�� (%) 3.15 1.8 2.9 2.15 1.55 

Weight W (
�

��) 200 168 225 88 600 

Tow/cord width W� 5 4 3 5 0.9 

Grid 

Distance between 

tow and cord 
S� (mm) 15 10 25 10 5.5 

Equivalent thickness t��� (mm) 0.053 0.047 0.042 0.0455 0.075 

As observed in Figure 1, the FRCM system under tensile loading is comprised of 

three distinct stages: un-cracked (Stage I), crack development (Stage II), and cracked 

(Stage III). There was no evidence of a crack in the first stage, and the response was linear 

throughout. The change in slip in the graph corresponds to the formation of the initial 

crack. The mechanical properties of both the mortar and the textile (PBO and C-FRCM), 
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as well as stress transfer from the textile to the matrix, all have a direct effect on the failure 

mechanism [18]. The third stage is characterized by the propagation of cracks and the 

widening of existing cracks. As a result, the ultimate failure mode manifested itself in one 

roving and propagated rapidly to the other ones. 
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Figure 1. The stress–strain curves for FRCM-tensile coupon. 

3. Reducing the Catastrophic Effect of FMs on Beams Subjected to Different Behaviors 

Following the catastrophic damage caused by the gas explosion in the Ronan Point 

tower [29], several government agencies and international code writers sought to improve 

guidelines and recommendations to mitigate or prevent the potential for such catastrophic 

collapses. In addition, due to extra loads, environmental factors, cracks, and deficiencies 

in designing and implementing concrete structures, rehabilitation is more often vital ra-

ther than reconstruction for concrete members [30]. Hence, a series of research studies 

have been fulfilled on beams strengthened with the FRCM system and the effect of various 

parameters, including the type of FRCM systems (i.e., C, basalt, PBO, and G), configura-

tions (viz. full-, U-, and W-wrapping), surface textiles (that is, uncoated and coated), the 

number of layers, the type of matrix (namely, cement, and resin), anchors (i.e., composite, 

mechanical, near-surface, and externally bonded), the effect of fiber orientation (i.e., 45° 

and 90°), the impact of high temperatures, the type of mortars, the effect of corrosion, the 

impact of fatigue, the effect of internal steel reinforcement, and the impact of value fabric, 

have been so far investigated, whose results in this line are reported in the following sec-

tions. Meanwhile, different methods for beam strengthening are presented in Figure 2. As 

seen, four different flexural strengthening methods of beams with the FRCM system are 

depicted under flexural loading, namely full wrapping, U-wrapping, U-wrapped at the 

end of FRCM, and discontinued wrapping. 
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Full 

(d)(c)

(b)(a)

Full wrapping with 

FRCM composite 

Discontinued wrapping with 

FRCM composite 

U- wrapping with 

FRCM composite 

U-wrapping at the end 

of FRCM  composite

 

Figure 2. Different methods for strengthening beams: (a) discontinuous wrapped beam; (b) entire 

wrapped beam; (c) U-wrapped beam; (d) strengthened beam in tensile face with U-end anchorage. 

3.1. Flexural Behavior 

The application of externally bonded composite materials increases the load-carrying 

capacity in the case of the bending strength of RC structural elements [31–33]. The effec-

tiveness of the FRCM systems as flexural retrofitting materials for RC structures has also 

been investigated, so the significant aspects of structural elements with composite mate-

rials are reviewed in this research study. The use of U-wrapping and side-activated sur-

face bonding methods have also been suggested to control debonding [34]. Debonding 

depends on a variety of parameters, such as crack distance length, the geometry of the 

beam, the bending moment of the beam, and the arrangement of reinforcing bars. In fact, 

debonding began with intermediate flexural cracks in the constant moment region. Pino 

et al. [35] investigated the performance of strengthened beams utilizing FRCM systems 

subjected to fatigue. The results indicate that by increasing the number of layers from 1 to 

3, failure modes shifted from the fabric-matrix slip to abrupt debonding of the FRCM, 

with a 0.17% increase in maximum load. 

To study the effect of the number of textile layers, the bond-stiffness coefficient (BSC) 

was first introduced by Elsanadedy et al. [36] as the ratio between the TRM stiffness and 

the tensile bond strength. On the basis of numerical methods, Table 3 illustrates the ade-

quacy of the number of textile layers calculated from Equation (1). In general, the number 

of textile layers is ideal whenever the effective strain of the textile reinforcement is re-

stricted to the strain level at which debonding takes place. 

 �� = �
�����

����
 , (1)

where  �� is the BSC, n refers to the number of the TRM layers, ��  shows the tensile mod-

ule of the fiber in MPa, �� represents the equivalent smeared thickness of one layer in 

mm, and NFLS shows the tensile bond strength in MPa [36]. 

Table 3. Adequacy of bond stiffness coefficient based on number of textile layers. 

Bond-Stiffness Coefficient (BSC) The Number of Textile Layers 

�� ≥ 225 The number of layers is sufficient 

225 ≤ �� ≤ 290 
The number of layers is sufficient but not 

economical 

�� > 290 The number of layers is insufficient 
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When the number of the textile layers is augmented, it contributes to enhancing the 

fatigue life of the retrofitted beams. The results reveal that increasing the number of layers 

from 1 to 3 can lead to improved fatigue life of the load capacity in the flexural strength-

ening by 32–58% [37]. In addition, enlarging the number of the TRM layers from 1 to 3 

boosts the flexural and load-carrying capacity, and even changes the fracture mechanism; 

however, the FRP layers do not experience this kind of enhancement due to premature 

failure, especially adhesive failure. By expanding the number of layers in FRPs from 1 to 

3, the effectiveness factor becomes 0.47 and 0.80, respectively [38,39]. 

Based on the results of recent studies regarding the effect of the types of FRCM and 

surface textiles, the FRCM materials such as basalt have increased the flexural stiffness in 

beams, while the ductility in repaired RC beams has reduced. Textile G also plays a sig-

nificant role in minimizing and controlling cracks in strengthened specimens with a G 

grid. For steel nets, the flexural capacity of retrofitted beams is also boosted with steel. 

Moreover, flexural stiffness elevates at all loading stages in steel nets, being the best ma-

terial grid. Meanwhile, PBO yields the second-best outcomes. In the case of improving 

flexural capacity, they have lower ultimate flexural moments than the others. Addition-

ally, C-FRCM is the best option to restore the system to develop flexural stiffness during 

the linear elastic step of loading [13]. In this regard, Elghazy et al. [40] demonstrated that 

strengthened beams had augmented flexural capacity in harsh environments. Beams re-

paired with PBO-FRCM also revealed a strength gain ranging from 7 to 44% compared 

with the control ones, while for the C-FRCM system, strength gain had been reported be-

tween 39 and 55%. It should be noted that the fracture mechanism was different for both 

of them. Considering the PBO-FRCM system, FRCM delamination and fabric slippage 

within mortars were the FMs, while premature matrix cracking had occurred in the C-

FRCM system. Raoof and Bournas [4] had similarly found that different fibers such as G, 

C, and coated basalt could have the same axial stiffness; however, flexural capacity did 

not follow the same trend. Coated basalt-fiber textile layers had further proved the highest 

flexural capacity as compared with other materials. 

On the other hand, Alam et al. [41] investigated a technique to delay debonding using 

typical anchorage systems because debonding was a premature failure, especially for 

composite materials. The effect of the strengthening configuration had also been taken 

into account, indicating that U-shaped anchorage at the end of the TRM layers was a suit-

able method for delaying the TRM end debonding [36]. Based on the experimental texts, 

at the ends of the external flexural reinforcement, the U-jacket FRCM systems had pre-

cluded debonding failures between the strengthening materials and substrates [42]. Two 

rehabilitation techniques, including U-shaped and single-sided ones, had also been stud-

ied for improving the fatigue life of the RC beams, suggesting that the single-sided reha-

bilitation method was much better for enhancing the fatigue life of RC beams [37]. Elghazy 

et al. [40] correspondingly showed that the theoretical formulations of the ACI-549.4R-13 

did not consider the impact of continuous anchorage on delayed FM; hence, such formu-

lations should be modified with an increase of 10% to assume the impact of the continuous 

U-shaped technique. In the case of TRM vs. FRP, it had been reported that TRM could 

slightly improve flexural capacity by about 9%, owing to the destruction mechanism com-

pared with the FRP-strengthened beam, recorded as 90% [38,39]. 

In the case of strengthening configurations subjected to flexural behavior, some au-

thors [39,43] investigated the FRCM U-shaped at the ends of beams (i.e., as an anchorage). 

Their findings indicate that this strengthening configuration system contributes signifi-

cantly to delaying failure modes such as FRCM end debonding when compared to FRCM-

strengthened beams without end bonding [36]. On the other hand, although U-shaped 

anchorages do not necessarily enhance the effectiveness of the configuration systems in 

terms of load-carrying capacity, they do improve ductility and reduce unexpected failure 

modes [14]. In addition, D’Ambrisi et al. [44] indicated that there was no difference in 

failure modes for beams composed of continuous U-shaped strips and beams composed 

of U-shaped strips only at the beam ends, indicating that an increasing load-carrying 
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capacity was represented by approximately 8% for beams composed of continuous U-

shaped strips. Meanwhile, due to the high cost of FRCM, full wrapping or four-sided 

strengthening of beams with FRCM is neither common nor feasible. Similarly, there are a 

substantial number of eccentric structures, such as tunnel linings and calvers, which can-

not be wrapped due to their shape, size, or other characteristics [45]. 

3.1.1. FMs of Strengthened Beams under Flexural Behavior 

According to Yin [37], TRM could modify the fatigue destruction mechanism, and 

then the retrofitted beams could outperform the control ones. Furthermore, TRN could 

decrease the crack width in beams. As highlighted in recent research, the type of FRCM 

could determine the type of FM; for example, Elghazy et al. [40] had reported that beams 

retrofitted with PBO-FRCM had failed by FRCM delamination and fabric slippage, 

whereas other specimens had failed by premature matrix cracking concerning the type of 

fiber, viz. C-FRCM.  Based on the study conducted by Raoof et al. [38,39]  regarding reha-

bilitation materials (namely, FRCM vs. FRP), the FMs of the FRCM system were fiber slip-

page, interlinear shear, and TRM debonding, while the FM as the adhesive failure had 

been recorded in the FRP-repaired specimens. According to the investigation by Raoof et 

al. [38,39] and Koutas et al. [46,47], two different FMs had been recorded, i.e., debonding 

from concrete substrates and fiber rupture in the constant moment zone in the FRP-

strengthened beams. However, FMs could be classified into five groups, including textile 

surface fracture, roving slippage, TRM debonding, fiber rupture, and concrete cover peel-

off. As a result, fracture mechanisms and FMs depended on the textile fiber materials, the 

number of TRM layers, and the textile surface. Considering the effect of temperature on 

FMs, it had also been noticed that TRM debonding with cover peel-off had been recorded 

in the TRM system at a temperature of more than 500 °C; whereas two categories of FMs 

in the FRP-retrofitted specimens had been observed, namely, cohesive failure at 50 °C and 

adhesive failure at the concrete-resin interface for 75, 100, and 150 °C. 

According to the data available, five FMs strengthened with the FRCM system under 

flexural behavior were observed (Figure 3a,b). Debonding accounted for 38% of FMs, 

while delamination was 4%, as shown in Table 4. Therefore, debonding could occur in 

those strengthened with the FRCM system because FRCM debonding was followed by 

the externally bonded technique. In the cases of debonding failure, fiber rupture, and slip-

page, load-carrying capacity also increases upon a rise in the number of textile layers, 

while the type of failure mechanism does not change them. Table 5 shows that the flexural 

crack is predominant on the FM in one textile layer, whereas debonding is much more 

common for two and three layers. On the other hand, the changes in the composite type 

have led to variations in the FMs based on the available data (Figure 3b). This could be 

concluded by the fact that the mechanical properties of materials have a key role in deter-

mining failure mechanisms. In addition, in Table 6, the percentage of the FMs is deter-

mined according to the composite type. 

Table 4. The percentage of FMs in strengthened beams under flexural behavior in terms of the num-

ber of layers. 

FMs 
Slippage Fiber Rupture Delamination Debonding Flexural Crack 

23% 19% 4% 38% 15% 

Table 5. The percentage of FMs for each layer based on the number of layers. 

FMs Slippage Fiber Rupture Delamination Debonding Flexural Crack 

1 layer 15.4% 0 0 38.5% 46.1% 

2 layers 41.2% 11.8% 11.8% 29.4% 5.9% 

3 layers 0 36% 0 64% 0 
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Table 6. The percentage of FMs based on the type of composites. 

FMs Slippage Fiber Rupture Delamination Debonding Flexural Crack 

Type of 

fiber 

PBO 22.2% 0 22.2% 22.2% 33.3% 

C 25% 0 0 70% 5% 

G 25% 44% 0 19% 12% 

Basalt 16.7% 50% 0 16.7% 16.7% 

Steel 0 0 0 0 100% 
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Figure 3. An increase in load-carryifigureng capacity ratio versus: (a) number of layers; (b) compo-

site type with respect to FMs. 

3.1.2. Theoretical Formulation 

In order to design retrofitted with TRM, Equation (2) can be suitable for debonding 

failure, which occurs at the matrix subtract: 

���� =    ������ ���2
��

��
���

�

�    , (2)

where ���� shows the debonding stress of the composite, �� is the intermediate crack 

factor, �� represents the matrix factor, �� denotes the shape factor,  �� stands for the 

length, �� is the elastic modulus of the composite, �� indicates the equivalent thickness 

of the textile, ��� depicts the concrete compressive strength, �� refers to the shape factor, 

and ���� can be computed by Equation (2) [38]. In the case of the debonding strain of the 

FRCM material by the fracture surface at the fiber-matrix interface, Equation (3) is pre-

sented: 

��� = �2
��

�������
   , (3)

where ���  is the debonding strain, ��  refers to the fracture energy, ��  stands for the 

number of textile layers, ��� represents the fabric thinness, and �� shows the elastic mod-

ulus of the fiber [14]. In order to investigate the safety of the retrofitted beams under a 

fatigue load, the ratio of the realistic stiffness to the computed one is expressed in Equation 

(4), and if 
�

��
 is more than 0.8, wherein the retrofitted beam is safe. In addition, the realistic 

flexural stiffness can be calculated by Equation (5): 

�

��
=

�

(��.���������.����)�����
< 0.8, (4)
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� =
�

�
× 3.66 × 10� < 0.8 , (5)

where ��  is the fatigue flexural stiffness, �� shows the elasticity modulus of the concrete, 
��� stands for the moment of inertia on the cracked cross-section, � denotes the maximum 

fatigue load, � represents the mid-span deflection, and B refers to the realistic flexural stiff-

ness [48]. 

3.2. Shear Behavior 

The effectiveness of the FRCM system as shear-repairing materials for RC structures 

has been thus far investigated, so the significant aspects of structural elements with com-

posite materials are reviewed in this study [49,50]. Considering the effect of FRCM mate-

rials after experimental tests, it is revealed that shear resistance increases due to the pres-

ence of PBO textiles, which has perfect performance, especially in the non-linear step. Re-

garding basalt and G fibers, the G fiber reinforcement had shown better bonding perfor-

mance as compared with the basalt one. Likewise, both of them had experienced similar 

growth in terms of absorbed energy [42]. For the G fiber, better performance by increasing 

the shear strengthening of the concrete beams with three-sided TRM than C fibers had 

been further observed. Both of them had also followed the same trend, based on the 

debonding from the concrete substrate; however, in the case of the anchored TRM jacket-

ing, C and G fibers had experienced two different FMs [51]. In recent studies, it has been 

reported that the type of FRCM materials can determine the level of FMs. For example, C-

FRCM-upgraded beams had failed due to the partial detachment of the composite and 

fiber slippage, while a detachment of the composite system had been a failure mechanism 

in steel FRCM-strengthened beams [52]. The fiber type could also play a considerable role 

in controlling crack widths. It is noteworthy that the C-FRCM systems had been observed 

to have a smaller crack width than that of PBO- or G-FRCM systems in strengthened 

beams. Meanwhile, for continuous FRCM systems, the crack widths were smaller in com-

parison with the intermittent FRCM systems [34]. 

The effect of stirrups on the strengthened with C-FRCM had also been investigated 

based on several experimental tests, concluding that C-FRCM strengthening had en-

hanced the load-carrying capacity of shear beams, especially for the ones without stirrups. 

The efficiency of the C-FRCM system had also declined with the presence of stirrups [36]. 

A series of experimental tests conducted on the C-, G-, and PBO-FRCM had further re-

vealed that the C-FRCM composite had outperformed the PBO- and G-FRCM ones in the 

case of axial stiffness. Additionally, G-FRCM had been confirmed to be more effective 

compared with PBO-FRCM. Beams upgraded with C-FRCM had similarly shown better 

ductile performance compared with the PBO- and G-FRCM composite. More deflection 

at the fracture with an average of 101%, 95%, and 85% had also been recorded in terms of 

the C-, G-, and PBO-FRCM strengthening system, accordingly [37]. By nominating the 

PBO as the FRCM material in the tests, the shear strength had increased between 10 and 

27% in comparison with the baseline beam [38]. 

The presence of the anchor in the FRCM system had similarly improved the load 

capacity of shear beams. In this sense, the highest capacity of the shear beam had been 

recorded in the U-wrapped C-FRCM, whereas the lowest capacity had been assigned to 

the side-bonded G-FRCM [53]. According to recent research by Tetta et al. [51], significant 

parameters could contribute to enhancing the anchored U-jackets, separated into three 

categories, viz. the number of layers, the materials of fibers, and the percentage of jacket 

anchorage. The composite anchors such as C-TRM noticeably boosted the effectiveness of 

C-TRM U-jackets. Meanwhile, the number of TRM layers and textile geometry could play 

a dramatic role in increasing the effectiveness of C-TRM U-jackets. In general, the anchor-

ing layers of the TRM jacket could reduce the number of layers, especially for C, anchoring 

two (heavy) C layers of the TRM jacket with the same performance as that of four C-TRM 

layers without anchorage [30]. Although the anchors did not expressively improve the 

shear strength, they precluded the premature debonding of the FRCM jacket and altered 
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the crack patterns of concrete and the mid-span displacement in the specimens retrofitted 

with FRCM. Additionally, because of the slight increase in shear strength, the anchorage 

system had been insufficient in terms of avoiding other FMs, especially fiber slippage 

within the matrix. Consequently, the anchorage system was effective for the FRP compo-

site, but not appropriate for the FRCM system [52]. The method of anchoring the outer 

stirrups had also enhanced the tensile strength of the PBO mesh with no ruptures in the 

PBO fiber, utilized in beams. Similarly, owing to the use of anchorage, the maximum 

strain in the tests in the composite obtained was 8.23, which was 47% of the ultimate ten-

sile strain. On the contrary, the maximum strains in the composite were recorded by 3.5% 

in the PBO-FRCM system with no anchorage. The anchorage also had a significant influ-

ence on increasing the shear capacity and axial stiffness of the specimens strengthened 

with PBO-FRCM. As a result, it was necessary to provide the proper anchor for precluding 

the premature debonding of the mesh [38]. 

The significant difference between TRM and FRP rehabilitation systems could also 

be related to the elevation in the number of layers, especially the change from one layer 

to three layers. The TRM jackets were additionally more sensitive to augmenting the num-

ber of layers than the FRP jackets. Concerning the TRM jackets, the FM altered as the 

number of layers grew and the local damage to the TRM jackets changed toward the con-

crete substrate by converting the number of layers from one to two because it provided 

better mechanical interlock with respect to the overlapping of at least two textile layers 

[54]. According to recent research, increasing the number of the layers was associated with 

the growth is non-proportional to the effectiveness of the TRM jackets in the case of an-

chorage [4]; however, Tetta et al. [51] demonstrated that beam shear capacity boosted pro-

portionally with the rise in the number of the TRM layers based on the same type of tex-

tiles. 

The FM of non-anchored TRM U-jackets could further overshadow the number of 

layers, especially by increasing the number of layers, and there was a type of shift in the 

fracture mechanism from the fiber rupture to the damage of the concrete substrate. It is 

noteworthy that conversion in the FM was detected with respect to the change in the num-

ber of layers from one to two in the specimens without anchors. For the two-layer cases, 

the local damage of the TRM had also occurred as a topical FM, while the damage to the 

concrete substrate had been governed by the destruction mechanism. As a matter of fact, 

there was a shift in the fracture mechanism from the fiber rupture to the damage to the 

concrete substrate due to suitable mechanical interlock and overlapping in multiple layers 

[30]. By increasing the number of layers, the shear capacity had improved, which was not 

proportionate due to the FRCM debonding by two layers of the externally bonded FRCM 

system [55]. Considering the textile geometry, it could alter the FMs because of different 

textile geometries, the dense mesh patterns of the textile, and the smaller mesh size, con-

tributing to better mechanical interlock between the textile and the matrix; however, the 

presence of the anchors had reduced the effectiveness of textile geometry. In fact, the FM 

in the specimens had overshadowed the behavioral anchors [51]. The strengthening sys-

tem in TRM was also slightly more effective than the FRP one in boosting the shear capac-

ity of the concrete beams, depending on both the strengthening configuration and the 

number of layers. Furthermore, the TRM jackets had shown better performance in enhanc-

ing the deformation capacity of the specimens than FRP [54]. The role of the strengthening 

configuration had similarly revealed that the beams retrofitted with side-bonded and U-

wrapped FRCM had followed the same trend in two different items, namely, strength and 

FMs. Additionally, U-wrapping was not required due to suitable bonding between FRCM 

and the concrete substrate, despite the fact that the FRP strengthening system needed U-

wrapping because of the adequate bond [53]. The U-wrapping strengthening scheme 

could thus have a significant impact on the TRM jackets than side-bonding, while the U-

wrapping configuration was less effective than the side-bonded one. Regarding the FRP 

jackets, full-wrapping had a considerable effect on both strengthening configuration sys-

tems [40]. 
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Wakjira et al. [55] investigated the shear strengthening configuration of reinforced 

concrete beams using FRCM exposed to shear stress. The results indicated that the failure 

mode of the strengthened specimens was sensitive to the type of strengthening configu-

ration of FRCM. Notably, the full strengthening configuration (i.e., discontinuous U-

wrapped strips) outperforms the continuous U-wrapped strip design [44,45]. This is be-

cause continuous U-wrapped strips are activated to contribute to shear resistance, 

whereas all U-wrapped strips remain inactive to limit their contribution to shear re-

sistance [56]. 

3.2.1. FMs of Strengthened Beams under Shear Behavior 

Regarding the FM of the TRM jacket, when one textile layer had been assigned for 

upgrading the specimens, partial rupture and slippage through the matrix had governed 

as a FM [54]. By increasing the number of layers, the FM could change. Three different 

scenarios might thus occur, i.e., debonding at the interface between the jacket and the 

concrete substrate, the interlaminar shear failure between the layers, and the concrete sub-

strate peel-off. In addition, two scenarios had come about due to the low values of mortar 

tensile strength, as typically premature FMs. Then, they could be prone to bond failure; 

hence, the third scenario had been followed. As a matter of fact, the second layer could 

play a key role in providing better mechanical interlocking characteristics; therefore, 

transferring the forces from the reinforcement to the mortar in the TRM systems had sig-

nificantly improved. The failures in the near-surface embedded and externally bonded 

method (NSEB-FRCM) using the FRCM system to repair the specimens had been further 

followed by the FRCM delamination [55]. It should be noted that debonding had occurred 

at the interface between the concrete and the matrix for the full configuration of externally 

bonded FRCM, while debonding was not observed in the NSEB-FRCM strengthening sys-

tem. An increase in the percentage of the transverse reinforcement meant steeper diagonal 

crack angles; hence, the crack angle had been recorded by 45° based on recent studies by 

Rizwan Azam et al. [57]. With respect to the strengthened beams under shear behavior, 

increasing the ratio of load-carrying capacity with the same number of layers had not ex-

perienced a change in FMs (Figure 4a). On the other hand, by augmenting the ratio of the 

load-carrying capacity and the number of layers in some available data (experimental 

tests), it had been detected that the FM had changed by the difference in the strengthening 

scheme and the composite textile. Tables 7–9 show that debonding and shear failure are 

among the much more common FMs. Table 8 illustrates the percentage of FMs based on 

the number of layers. Delamination is also the governing FM for the beam strengthened 

with the two-layer FRCM system. Similarly, the changes in the composite type do not 

affect the type of FMs with the same textile layers (Figure 4b). 

Table 7. The percentage of FMs in strengthened beams under shear behavior in terms of the number 

of layers. 

The Percentage of FMs in Strengthened Beams under Shear Behavior in Terms of the 

Number of Layers 

FMs 
Slippage Fiber rupture Delamination Debonding Shear crack 

4.9% 20.7% 7.3% 22% 33% 
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Table 8. The percentage of FMs based on the number of layers. 

FMs Slippage Fiber Rupture Delamination Debonding Shear Crack 

1 layer 6.9% 13.9% 0% 23.2% 55.8% 

2 layers 5.6% 16.7% 33.3% 22.2% 22.2% 

3 layers 0 50% 0 50% 0 

4 layers 0 33% 0 25% 42% 

Table 9. The Percentage of FMs in strengthened beams under shear behavior in terms of composite 

type. 

The Percentage of FMs in Strengthened Beams under Shear Behavior in Terms of 

Composite Type 

FMs 
Slippage Fiber rupture Delamination Debonding Shear Crack 

4.8% 20.5% 7.2% 26.5% 40.9% 
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Figure 4. An increase in load-carrying capacity ratio versus: (a) number of layers and (b) composite 

type with respect to FMs. 

3.2.2. Theoretical Formulations 

Shear Strength of Beams Strengthened with FRCM (i.e., Concrete, Steel, and Composite) 

In order to design beams retrofitted with TRM, Equations (6) and (7) are presented 

for calculating the shear strength of the beams, where �� , ��, and ��  are the shear strength 

in terms of concrete, steel, composite, and ∅� refers to the strength-reducing coefficient 

calculated using the following Equation (6). Accordingly, �� is calculated by: 

�� = ∅���� + �� + ��� , (6)

�� = ���� + ��� + ���, (7)

where n is the number of textile layers and �� denotes the reinforcement area, ��� and 

�� also represent the tensile strength as well as the effective depth, respectively. To calcu-

late the design tensile strength and strain of the shear FRCM reinforcement, Equations (8) 

and (9) are presented: 

��� = ���  ·  ��, (8)
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��� = ��� ≤ 0.004, (9)

where ��� stands for the tensile strength of the FRCM reinforcement and ��� refers to 

more than 0.004 (ultimate deformations) [58]. 

Shear Strength of Shear-Critical Beams Strengthened with FRCM (Namely, Concrete, 

Mortar, and Composite) 

Shear Strength of Shear-Critical Beams Strengthened with FRCM is represented via 

by Equation (10) accordingly, as follows: 

�� =      ��  + � �  ��  +  �� �, (10)

where F shows the ratio between the strengthening length and the critical shear span and 

�� indicates the mortar shear strength. Additionally, �� and F are computed by: 

�� =   2�0.17  ���� ��   �� �(N), (11)

� =
���

���
 , (12)

where ��� refers to the compressive strength of the mortar, �� represents the thickness, 

thickness, and �� shows the effective depth of the FRCM system [59]. 

Shear Resistance with Anchored TRM/U-Jackets 

The effect of the anchor on the shear strength of the beam strengthened with the 

TRM/U-jacket is calculated by Equation (13), and the effective strength of the anchors is 

presented by Equation (14) accordingly, as follows: 

�� =  �����
��,���

ℎ�

�
��� �, (13)

���,��� =  ����,��� , (14)

where ����  is the area of two anchors (one anchor per beam’s side), ���,���  is the effective 

strength of anchors, 
��

�
 is the ratio of the height of the T-beam’s web to anchors spacing, 

and � is the angle between the shear crack and the axis of the beam. Additionally, ���,���  

is the reduced value of their tensile capacity, �
�
 shows the strength reduction, and ��,��� 

stands for the local concentration stress [51]. 

Fiber Axial Stiffness 

The fiber axial stiffness contributes to increasing load-carrying capacity, and ob-

tained by Equation (15), wherein �� is the fiber axial stiffness, �� represents the reinforce-

ment fiber percentage, and ��  stands for the cracked modulus of the fiber, and then ��  is 

calculated using Equation (16) [40]: 

�� =   ��   �� , (15)

�� =  
� ��

��
 , (16)

where N represents the number of the fiber yarns, �� and �� are the fabric area and the 

effective depth of the fabric, respectively. 

3.3. Torsional Behavior 

The effectiveness of FRCM systems as torsional retrofitting materials for RC struc-

tures is investigated, and the significant aspects of structural elements with composite 

materials are reviewed in this study [60–63]. In the case of the effect of the strengthening 

configuration, a series of experimental tests have been thus far conducted on concrete re-

paired with PBO-FRCM composites as well as various wrapping configurations, and it 

has been revealed that the configuration of retrofitted beams with four-sided bonds can 
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have significant performance in terms of the cracking torque and the torsional strength 

than the baseline beam, while the three-sided wrapping configuration does not follow an 

effective trend in the case of improving the torsional performance owing to fiber slippage 

[64]. A hydraulic actuator with a 130-kN capacity was used to conduct a test on the beam 

via a loading arm. An eccentricity of up to 508 mm normal to the longitudinal axis of the 

beam was provided. The test setup has a torsional capacity of 65 KN-m (Figure 5) [65]. 

`

FY

Load cell

Loading  arm

Reaction  arm

Spherical bearing steel

Applied load 

Supporting  beam

 

Figure 5. Experimental test setup under torsional behavior. 

Regarding the impact of the FRCM materials on examining the torsional behavior of 

specimens, materials strengthened with PBO-FRCM have also been compared with C-FRP 

and G-FRP composites, suggesting that PBO-FRCM composites have followed an increas-

ing trend in enhancing torsional strength than C-FRP and G-FRP composites as shown in 

Figure 6 [64]. 
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Figure 6. The effect of FRCM material on the improvement of torsional strength of repaired beams 

[64]. 
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Considering fiber orientation, according to the recent studies by Alabdulhady et al. 

[66], the 90° fiber orientation significantly improved the torsional strength as compared 

with the 0° orientation of the PBO-FRCM system; however, the 45° fiber orientation could 

be proper in comparison with the 90° orientation for the C-FRP system. Figure 7 depicts a 

strengthened beam with a 4-sided wrapping (discontinues wrapping) configuration of 

PBO-FRCM, indicating that the growing twist widened and increased the number of 

cracks on the surface of the composite. 

Concrete crack direction 

Primary fiber direction

 

Figure 7. The fracture mechanism of beams with repaired one-layer four-sided wrapping configu-

rations and different fiber orientations. 

With respect to the effect of the number of textile layers, the torsional strength had 

boosted by enlarging the number of composite layers from one to two; as a result, the rise 

in the torsional strength was not always proportional to the number of textile layers, and 

the amount of �� could alter the fracture mechanism from fiber rupture to debonding [27]. 

In the case of strengthening configurations subjected to torsional behavior, experi-

mental studies demonstrate a distinction in failure modes between full wrapping (4-sided 

wrapping) and partial wrapping of strengthened beams subjected to a torsion load using 

an FRCM system. It can be stated that concrete crushing is a failure mode for strengthened 

beams with partial wrapping configurations, whereas debonding of the fibers from the 

concrete substrate is a failure mode for strengthened beams with full wrapping [66]. In 

addition, Alabdulhady [27] indicated that partial wrapping (3-sided wrapping) contrib-

utes less to torsional strength than full wrapping (4-sided wrapping). Moreover, 2-sided 

and 1-sided wrapping had little effect in increasing torsional strength [67,68]. 

3.3.1. FMs of Strengthened Beams under Torsional Behavior 

The FMs of strengthened beams under torsional behavior can be classified into three 

categories, viz.: concrete crushing, debonding, and fiber rupture. It should be noted that 

concrete crushing has been the dominant FM under torsion for unrepaired beams, while 

the FM of strengthened specimens has been governed by debonding. Fiber rupture is also 

a FM for the beams repaired with full-wrapped specimens [27]. Though concrete crushing 

is typically a FM in unstrengthened beams and strengthened ones with three-sided wrap-

ping configurations, fiber rupture is recorded for specimens upgraded with two-layer 

four-sided specimens with one-layer four-sided 90° fiber orientation. Hence, the number 

of sided wrapping configurations can change FMs. As a result, different strengthening 

configurations, ��� , and ���, can play an important role in the torsional strength (��), in-

creasing ��, as reported in Tables 10 and 11 [66]. 
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Table 10. An increase in torsional strength �� versus  ��� and ���. 

An Increase in Torsional Strength ��(%) vs. �� Remarks Type of FM 

If 0 ≤ ��� ≤ 0.5 

If 0 ≤ increase in ��(%) ≤ 180 

���  = The volumetric ratio of the 

internal longitudinal 

reinforcement 

There are no reports on FMs in 

FRCM systems. 

If 0.5 ≤ ��� ≤ 1 

If 1 ≤ ��� ≤ 1.5 

If 0 ≤ increase in T�(%) ≤ 120 

��� = The volumetric ratio of 

the internal transverse 

reinforcement 

Debonding, fiber rupture, and 

concrete damage are FMs in 

FRCM systems. 

If 1 ≤ ��� ≤ 2 

If 0 ≤increase in ��(%) ≤ 120 
�� = Torsional strength 

There are no reports on FMs in 

FRCM systems. 

Table 11. An increase in torsional strength �� for various strengthening schemes. 

The Effect of Types of Strengthening Configuration Type of FM 

Type of strengthening configuration = 

Three-sided strips 

If 0 ≤ increase in ��(%) ≤ 20 

Concrete damage in the FRCM 

system 

Type of strengthening configuration = 

Three-sided continuous  

If 0 ≤ increase in ��(%) ≤ 20 

Concrete damage in the FRCM 

system 

Type of strengthening configuration = 

Four-sided continuous 

If 0 ≤ increase in ��(%) ≤ 120 

Fiber rupture and debonding in 

the FRCM system 

3.3.2. Theoretical Formulation 

The torsional strength of the beam retrofitted with externally bonded compo-

site �� can be calculated by Equation (17): where ���  represents the torsional strength of 

the control beam and �� shows the torsional strength of the strengthened beams with the 

contribution of the externally bonded composite, as follows: 

�� = ��� + ��, (17)

�� = 2 · ��� · �� · � · ℎ ·
��.��

��
cot �, (18)

where ��� stands for the effective strain of the composite, ��  is the modulus of elasticity 

of the composite, �� denotes the composite thickness, �� refers to the width of the com-

posite sheets, �� shows the center-to-center spacing of the composite sheets, and ℎ and � 

are the width as well as the height of the cross-section and the angle of the diagonal crack, 

respectively [64]: 

�� =
������

��

��

��
 . (19)

4. Reducing the Catastrophic Effect of FMs on Columns 

To enhance the function of RC columns, their repair using textiles has been recently 

suggested and propagated due to its advantages in improving the load-carrying capacity, 

ductility, as well as compressive strength [69–75]. TRM has also been provided in regions 

where additional load-carrying capacity has been critical. There are also three categories 

of strengthening techniques for columns, viz. confined, wrapped, and strengthened col-

umns on the tensile face, as shown in Figure 8. In addition, Figure 8 depicts concrete col-

umns strengthened with partial wrapping and full wrapping (TRM system) under eccen-

tric and monotonic loading. 
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Figure 8. Different methods for strengthening columns: (a) strengthened column on tensile face; (b) 

entire wrapped column; and (c) partial. 

Confinement in specimens has also altered the property of loading strain behavior of 

concrete specimens under pressure. The distribution of the confining pressure is also uni-

form on the entire cross-section of the specimen. Figure 9 displays the non-circular cross-

section under the confining impact, which is called the confined or active area. 

Figure 9a demonstrates that an axial load applied to a circular section causes radial 

dilation of the confining elements. Next, the pressure exerted by the jacket and transferred 

to the concrete as a result of its dilation is uniformly distributed. Thus, the increased stress 

state in a circular section is uniform. In this section, however, the confining element im-

proves the concentration of stresses, especially at the corners, where it improves the struc-

ture’s full capacity. Thus, a non-uniform confining stress state is formed in the concrete 

section, as observed in Figure 9b. 

FRP FRP

fl

fly
(a) (b) 

flx

 

Figure 9. The distribution of confining stress with (a) circular and (b) non-circular cross-sections, 

the confining pressure, and FRP longitudinal tensile strength. 

The significant motivation of confinement can accordingly arise from: 

 Preventing spalling in the concrete cover; 

 Providing lateral support to the longitudinal reinforcement; 

 Improving specimens in the form of concrete strength and deformation capacities 

[76–78]. 

Rectangular confining reinforcement is also less efficient as the confinement action 

compared with a circular one. Strengthening the tensile face is thus much more common 
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to use because of the economy. Repairing the column can be summarized as follows. Cy-

lindrical and square specimens confined with PBO-FRCM can be significantly effective if 

subjected to monotonic uniaxial compression in the form of compressive strength and 

ductility, taking account of the number of confining layers and overlapping length. The 

stress-strain curve in this line demonstrates a reduction in stiffness after the first maxi-

mum stress, as illustrated in Figure 10, which means it corresponds with delays in the 

initiation of the confinement system owing to some slips between the fiber and the mortar. 

Likewise, wide vertical cracks are observed at the collapse mode in the overlap zone due 

to telescopic jacket textile failure, and such matters prove the effectiveness [79]. 

The effectiveness of the FRCM system in confined concrete columns subjected to ec-

centric compression loading in the form of strain also revealed that the value of strain 

overshadowed the rehabilitation technique and the eccentricity value [45,80–82]. The 

load-carrying capacity of the strengthened with PBO-FRCM confinement under eccentric 

loading also increases from 20 to 39%. As depicted in Figure 11a, the ductility of the RC 

column can be noticeably enhanced by the PBO-FRCM confinement if unfavorable failure 

is avoided, like rupture failure (RC-I-2-e24), and the lateral displacements of two-layer 

specimens are greater in comparison with those of one-layer cases due to ductile failure 

(Figure 11b). Figure 12 depicts the FMs of their columns strengthened with 1 and 2 layers 

of FRCM composite under different eccentric loadings of 30 and 50 mm, as well as the FM 

for the control column. In the case of the RC-I-2-e27 column, failure at the bottom of the 

specimen with the yields of steel bars is followed by the concrete crushing without the 

break of the PBO FRCM (Figure 12) [83]. 
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Figure 10. Stress vs. (a) radial and (b) axial strain for cylindrical specimens with two layers of textile 

reinforcement [74]. 
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Figure 11. (a) Load-axial strain curve and (b) the lateral displacement of confined specimens [32,83]. 

NC-2-0-e50 RC-2-1-e50 RC-2-2-e50 RC-2-1-e30

 

Figure 12. The fracture of strengthened and unstrengthened columns subjected to different scenar-

ios in the form of different load eccentricity and strengthening schemes. 

Although composite materials such as specific FRPs are a suitable method for the 

rehabilitation of columns to prevent more cracks, it is not a proper technique to repair 

columns in humid environments. Therefore, columns strengthened with TRC have a bet-

ter function in harsh environments, e.g., during chloride corrosion. Additionally, TRC has 

an anti-erosion ability as a type of cover in specimens to decelerate brittleness and enhance 

the ductility of strengthened columns under corrosion [84]. FMs in strengthened columns 

depend on technical retrofitting, including entire confined column, partial entire confined 

column, strengthened column on the tensile face with respect to parameters such as the 

number of layers in TRM/FRCM, the type of composite (PBO-C), mesh size (grid), the type 

of mortar, etc. [79,85]. Abdo et al. [86] had also investigated that FRP composites in the 

case of PP could be cheaper and lighter than C- or G-FRPs. In addition, FMs in concrete 

columns could alter from ultimate collapse in the control column to partial damage with 

respect to the strengthened column. Figure 13 reveals FMs of four different masonry col-

umns strengthened with the FRCM system and unstrengthened columns under mono-

tonic loading. As observed in Figure 13a, a brittle fracture occurred due to the release of a 

level of high energy at peak axial strength. Next, an expulsion of material happened in the 

middle of the height of the column. Figure 13a–e depicts the specimens with different 

mortars and the number of textile layers carrying ductile fractures, in particular, slippage 

failure, owing to the gradual release of energy. Based on the experimental tests, five FMs 
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of the plain masonry and the FRCM-confined columns can be recorded (Figure 13) as fol-

lows: 

(a) Crushed longitudinal crack throughout a column; 

(b) Slippage between fiber and grid; 

(c) Fiber rupture at the cross-section corner; 

(d) Detached/separated FCRM external layer; 

(e) Telescope failure (the insufficient penetration of the matrix into the roving) [74,87–

91]. 

(a) Crushing concrete (b) Slippage (c) Rupture fiber 

 

(d) Detachment (e) Telescope failure 

Figure 13. FMs in masonry and TRM-confined columns. 

In the case of telescopic failure, C-FRCM jackets (consisting of a fiber mesh net in the 

inorganic matrixes, and which is not usually well impregnated) can have positive effects 

in comparison with FRP jackets owing to a more ductile failure mechanism. It is also con-

sidered as a type of ductile failure because it causes pullout failure at higher stress levels, 

rather than a sudden fracture of the fibers [79]. The primary factors are further evaluated 

in this study. Trapko [80] investigated several cylindrical and cuboid specimens of exper-

imental tests subjected to compression loading. Accordingly, a wide vertical crack in the 

overlapping textile region occurred, and these FMs did not depend on the length of the 

final overlap and the type of load, such as eccentric load. Trapko [92] also obtained the 

same results for cylindrical and cuboid specimens. Similarly, no fiber rupture had been 

observed. Furthermore, a slow loss of adhesion of the PBO mesh had been seen in the 

eccentric confined column, affecting the overlapping length. Other factors could also af-

fect the FM, including the insufficient lap length, the curved shape of wrapping, and the 

inadequate penetration of the matrix into the rovings. In other research, experimental tests 

had been carried out by Ombres [93] on cylindrical specimens confined with PBO-FRCM 

system, and the fiber-matrix separation had occurred in the external reinforcement of the 

test specimens as FMs and specimen rupture or fiber debonding as FM sheets had hap-

pened with the configuration; however, for specimens with configuration θ =  45° and 

θ = 30°, the FM was the progressive reduction of the confining action and the damage of 

the confining jacket after the peak strength had been obtained. Colajanni et al. [94] also 

examined the behavior of columns strengthened with C-FRCM under cyclic and mono-

tonic loads. The amount of fiber had not been influenced by the change in the FMs. Like-

wise, the slip between the fiber and the cementitious matrix could play a key role in de-

laying the activation of the confinement on the whole overlapping region prone to tele-

scopic jacket textile failure. The results of experimental tests in concrete columns confined 

with FRCM had further shown no clear difference between the FMs of the column con-

finement; as a result, the rupture was the FM for all C-FRCM confined specimens [79]. 

Other research had reported that the confinement ratio could have a vital role in 

providing FMs, whereas the eccentricity values were not important for single-wythe con-

fined specimens. Fiber rupture and concrete crushing had also been introduced as the 

main FMs in these tests [93]. Five strengthened columns had been additionally tested with 

TRC in a chloride environment, which could delay the FMs, change the damage from the 



Buildings 2022, 12, 653 22 of 44 
 

upper to the central region of the column, and improve the load-carrying capacity by in-

creasing the number of layers [84]. Ombres [95] had similarly investigated that increasing 

the temperature in PBO-FRCM confined specimens had not affected FMs, and all speci-

mens had failed in the external layer due to separation. In addition, Minafò et al. [96] 

studied that mortar grade could influence FMs, especially in the cases of slippage and 

fiber rupture, taking into account the number, spacing, and opening of the cracks. It is 

noteworthy that slippage occurred between the fabric and the mortar, leading to the rup-

ture of G fiber yarns in the critical crack. Additionally, upgrading the mortar compressive 

strength had changed FMs from slippage to fiber rupture, increasing the ultimate capacity 

according to the ductile FM [85]. Figure 14 depicts the load-deflection curves for masonry 

columns strengthened with the FRCM system and one unstrengthened column (i.e., con-

trol column). The control column has a smaller dissipation of energy than others because 

of the area under the load deflection. Due to the slippage failure as a governing failure 

mode, this column experienced the highest energy dissipation. A debonding failure oc-

curred in one of these columns, resulting in a rapid decrease in its strength. The rupturing 

failure occurred in the last column and indicated that the fiber faced the most strength 

and subsequently led to failure. Figure 15 depicts the load-deflection curves of an RC con-

crete column strengthened with FRCM and a control column subjected to eccentric load-

ing with respect to corrosion. As expected, the control column exhibited a brittle failure. 

Figure 15 shows a strengthened column with higher absorption energy than another, 

which sequentially lost strength at peak load due to fiber rupture. Therefore, the results 

of the impact of different parameters on FMs as well as load-deflection curves in terms of 

masonry- and concrete-strengthened columns are summarized in Figures 14 and 15 and 

Table 12. 

 

 
 Rupture fiber 

Deflection

Debonding

Unreinforced masonry 
column 

Reinforced masonry 
column and slippage

 

Figure 14. The effectiveness of different parameters on the load-deflection curves in terms of re-

paired and unrepaired columns. 
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Figure 15. The effectiveness of eccentricity load and corrosion on load-deflection curves in terms of 

repaired and unrepaired columns. 

Table 12. An overview of studies on concrete columns strengthened with FRCM. 

Researchers 
Strengthening 

System 

Number and 

Type of 

Specimens 

Type of Load 
FM (Destruction 

Mechanism) 
Remarks 

Shi-ping et al. 

[84] 

TRC (alkali-free G 

fiber and C fiber 

bundles). 

Five columns 

(small eccentric 

compression 

degradation 

columns). 

Eccentric 

compression. 
Fiber rupture. 

In a chloride environment, 

there was a change of FM in 

the columns due to an 

increase in the number of 

layers. 

Minafò and 

Mendola [96] 
G-FRCM 

11 columns 

(masonry). 

Monotonic 

compressive. 
G fiber rupture.  

The mortar grade was 

influenced by strength 

enhancement and axial 

capacity. 

Ombres [95] 
Concrete confined 

with PBO- FRCM. 
25 columns. 

Compression 

load. 

Debonding 

reinforcement due to 

fiber matrix 

separation. 

The peak strength of the 

specimens reduced with the 

increase in the temperature. 

Ombres and 

Verre [83] 

PBO-FRCM 

wrapping system. 

Eight rectangular 

concrete 

columns. 

Eccentric 

compression. 

For one-layer 

confined columns: 

Concrete crushing, 

fiber break, and 

buckling of 

compressed internal 

reinforcement bars 

Double-layer 

confined columns: 

Concrete crushing.  

Confinement ratio could 

influence FM, whereas 

eccentricity values did not 

affect single-layer confined 

columns. 
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Trapko [80] PBO-FRCM. 
15 RC square 

columns. 

Axial 

compression 

on eccentrics. 

All the repaired 

specimens failed by 

the tearing of the 

bond on the 

composite external 

overlap length. The 

failure also occurred 

in the concrete inside 

the jacket, and then it 

was crushed. 

The damage led to concrete 

crushing upon an increase in 

the FCRM strengthening. 

Trapko [92] 

PBO-FRCM 

confined concrete 

 

Cylindrical 

specimens and 

the ones with 

square cross-

sections. 

Axial 

compression. 

The propagation of a 

wide vertical crack in 

the textile 

overlapping and 

crushing concrete. 

The system proved to be more 

effective for low-strength 

concrete. 

Ombres [93] 

Concrete 

confinement using 

the PBO-FRCM 

strengthening 

technique. 

20 cylindrical 

concrete 

specimens. 

Uniaxial 

compression. 

Debonding fiber-

matrix. 

The number of the PBO layers 

and fiber orientation used 

inside the confining jacket 

were the effective parameters 

in the PBO-FRCM confined 

concrete system that affected 

axial strain and peak strength. 

Colajanni et 

al. [79] 
PBO-FRCM. 

22 medium-sized 

samples with 

square and 

circular cross-

section. 

Uniaxial load 

(monotonic). 

Textile rupture at the 

corners of the 

column. 

PBO-FRCM confining system 

provides a considerable 

increase in ductility and 

compressive strength by 

changing the number of 

confining overlapping layers 

and length. It also alters the 

destruction mechanism. 

Colajanni et 

al. [94] 

CFRCM confined 

concrete columns. 

30 columns with 

circular, 

rectangular, and 

square cross-

sections. 

Monotonic 

and cyclic 

axial loads. 

Jacket rupture.  

The CFRCM confining boosts 

a series of parameters, viz. 

compressive strength, 

absorbed energy, and 

deformability, but increasing 

the number of layers is not a 

suitable technique to have 

more efficiency. 

The major results and observations accordingly showed that increasing the number 

of textile layers could lead to the growth in the ratio of load-carrying capacity in columns 

strengthened with the FRCM system; however, strengthened columns did not experience 

any changes in the FMs with respect to the available data and experimental tests (Figure 

16a). Although debonding is known as a common FM in beams strengthened with the 

FRCM system, fiber rupture is a more significant one (Table 13) because the confinement 

system or full wrapping in strengthened columns provides a noticeable increase in the 

form of strength and ductility. Likewise, low mechanical fiber leads to fiber rupture. 

Given the difference in the type of loading between columns (the FRCM system under 

axial load) and beams (the FRCM system under flexural and shear forces), the axial load 

can create a brittle failure, such as fiber rupture. Furthermore, Table 14 shows the percent-

age of FMs with regard to the number of layers. 
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Table 13. The percentage of FMs in strengthened column in terms of the number of layers. 

FMs 
Slippage Fiber rupture 

Telescopic 

Failure 
Debonding 

13% 54% 7.5% 25.3% 

Table 14. The percentage of FMs based on the number of layers. 

FMs Slippage Fiber Rupture 
Telescopic Fail-

ure 
Debonding 

1 layer 21.9% 39% 0 39% 

2 layers 14.7% 52.4% 9.8% 22.9% 

3 layers 3.1% 62.5% 15.6% 18.7% 

4 layers 0 90% 0 10% 

On the other hand, the available data shows that the use of different types of compo-

sites is likely to change the failure mechanism of strengthened columns (Figure 16b). In 

addition, PBO has more use in confinement columns than other fibers, according to Table 

15, because of the considerable gain in compressive strength and ductility. As illustrated 

in Table 16, the FMs with PBO can be divided into four categories with respect to their 

percentage. 

Table 15. The percentage of composite type in strengthened column. 

Composite type 
PBO C G Basalt 

37.8% 22% 28.6% 11% 

 

1 2 3 4

Number of layers

0.5

1

1.5

2

2.5

3

3.5

Slippage
Fiber rupture
Telescopic failure
Debonding

R
ai

to
 o

f 
lo

ad
 c

ar
ry

in
g 

ca
pa

ci
ty

 
( 
P

/ P
co

n
 )

 

PBO CFRP Glass Basalt

Type of composite 

0.5

1

1.5

2

2.5

3

Slippage
Fiber rupture
Telescopic failure
Debonding

R
ai

to
 o

f 
lo

ad
 c

ar
ry

in
g 

ca
pa

ci
ty

 
( 
P

/ P
co

n
 

 

(a) (b) 

Figure 16. An increase in load-carrying capacity ratio versus: (a) number of layers and (b) composite 

type with respect to FMs. 

Table 16. The percentage of composite type in the strengthened column. 

FMs Slippage Fiber Rupture Delamination Debonding 

Type of 

fiber 

PBO 15% 28.3% 20.7% 35.8% 

Carbon 25.8% 74% 0 0 

Glass 0 70% 0 30% 

Basalt 0 62.5% 0 37.5% 
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5. Reducing the Catastrophic Effect of FMs on Walls 

Serious damage to unreinforced masonry walls can result in financial and human 

losses [34]. Human-made hazards, natural events including earthquakes and tornados, 

and some changes in applications from apartments to offices, as well as weaknesses in 

construction or implementation, are thus assumed as the noticeable causes in the retrofit-

ting of unreinforced masonry or existing structures [97,98]. Figures 17 and 18 show the 

FMs of walls under earthquakes [99]. Additionally, one of the big challenges is related to 

infill walls in some structures because they do not have suitable performance under in- 

and out-of-plane loading. In this sense, Soltanzadeh et al. [100] had demonstrated that 

infill walls had boosted the seismic behavior of structures due to an increase in the damp-

ing ratio as well as stiffness and strength, which could give rise to structural collapse be-

cause they were not regularly placed in a plan [101]. Experimental and theoretical studies 

had further proved that FRCM masonry wallets had proper performance if subjected to 

in-plane shear and out-of-plane flexural loads. Similarly, mechanical properties (viz. 

strength, deformability, and energy dissipation) of the FRCM-strengthened specimens 

had augmented some specific anchors and assisted in improving fabric tensile capacity. 

The application of TRM jackets as a method of enhancing the out-of-plane performance of 

masonry infill walls in RC frames, using the variable configuration between the masonry 

infill wall and RC frame elements, under out-of-plane performance with the load being 

monotonic and diffused at four points, had also revealed that the risk of the fraction had 

dramatically mitigated [97]. 

Earthquake motion

Earthquake motion

Earthquake motion

Tensile

Out of plane bending wall

 

Figure 17. The FMs of masonry buildings under seismic excitations and masonry walls failed due 

to out-of-plane loading. 

(a ) Crushing failure 

FY

Fx

(b ) Crushing failure 

FY

Fx

(d ) Diagonal tension failure 

FY

Fx

FY

(c ) Shear sliding failure 

Fx

 

Figure 18. The FMs of unstrengthened masonry walls. 



Buildings 2022, 12, 653 27 of 44 
 

According to the loading and the out-of-plane displacement (Figure 19), in the case 

of S-FRN (two layers on both sides of the specimen), two types of drop loads can be re-

ported due to the local rupture of the fibers and the fiber rupture in reducing the load. 

Upon minimizing the load, the TRM jacket has activated, and there is a delay in the TRM 

activation due to the slippage of fiber through mortar; however, this behavior is not ob-

served in bare specimens such as S-CON (control specimen) and S-NOC (two layers on 

both sides of the specimen with different connections). As TRM or FRCM are highly ef-

fective in enhancing the mechanical properties and seismic behavior of walls, more than 

a 50% rise in the lateral strength and deformation at the top of the structure was recorded 

[97]. 
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Out-of-plane displacment of the wall center (mm)  

Figure 19. Load displacement out-of-plane response at the center of infill walls under different re-

habilitations [97]. 

Koutas et al. [102] examined a technique for strengthening RC infill frames to study 

the effect of textile-based anchors at the interface between masonry wallets and concrete. 

Debonding was thus the dominant FM in the region between the concrete-wallet interface, 

and the flange of the concrete slab, followed by a rupture in the second group, whilst the 

first group (all specimens) failed when one anchor ruptured at the concrete-wallet inter-

face without debonding. In addition, Kariou et al. [103] conducted a series of experimental 

tests on the effectiveness of masonry walls strengthened with the textile mortar system 

with respect to different parameters, including textile reinforcement, materials, and lay-

ers. The coating on the textile was thus an effective parameter, leading to some changes 

in the FMs from slippage to tensile rupture. Premature failure had not further occurred 

due to the beneficial impact of coating fabric on improving mechanical interlocking con-

ditions. Furthermore, increasing the number of layers could be the main parameter for 

enhancing interlocking mechanisms between the textile fiber composites in FMs from a 

brittle to a ductile one (Figure 20). 

Figure 20 depicts the wall strengthened with the FRCM system and a control wall. 

Based on experimental tests, shear failure is identified as the major failure mode in Figure 

20a. It can be stated that failure mode depends on the number of layers, type of composite, 

and percentage of coating. In the specimen depicted in Figure 20, the wall is strengthened 

with seven layers of coated basalt. The control wall failed as a result of its own weight. 
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FY

(a) (b) 
 

Figure 20. The FMs of single-layer specimens: (a) the position of failure, textile rupture, between 

two bricks or joints (mortar) the below the load points; (b) failure mode in the wall: shear failure. 

The effect of variable parameters, including loading direction and grid spacing size 

using basalt fiber mesh, was also studied, indicating a partial difference in the pattern of 

failure mechanism for unreinforced masonry wallets. A sudden brittle was also obtained 

due to the weak interfacial bond and debonding of the mortar in the brick. In the case of 

increasing the grid basalt mesh by 25–50 mm, the sequential failure of the fiber yarns was 

experienced by the rupture of fiber mesh under ultimate load, as one type of flexural fail-

ure. Although the grid spacing does not have a significant effect on the capacity of 

strengthened specimens, a smaller grid with an equal number of strands is proper in terms 

of uniform stress distribution as well as better bond [104]. 

The effect of wall thickness and the changes in the configurations of the connection 

between the RC frame members and the infill wall were also evaluated. Four types of 

failure patterns for single-wythe infill walls were initial crack and prorated crack toward 

four corners of specimens, failure detachment from the middle region of the top beam, 

textile fiber slippage through the mortar at the lateral faces of the two columns, and 

debonding at the surface between the concrete substrate and FRCM and fiber rupture due 

to ultimate load; hence, the connection configuration had no significant role in detachment 

as a typical FM, while the strengthened specimens enhanced in the form of load capacity 

and energy absorption [97]. 

In the unretrofitted walls, the crack pattern can also be sorted into two types, i.e., 

diagonal crack in the tensile face and horizontal crack in the compression face. The crack 

pattern in an unretrofitted wall is a brittle failure. In the retrofitted wall specimen, the 

detachment of the reinforcement system accumulated on the diagonal crack is assumed 

as the predominant FM. The difference in the crack pattern is also due to stress-specific 

double bending, loading, and boundary condition. The experimental tests showed that 

the externally bonded strengthening was able to prevent and delay a fragile failure, which 

was not influenced by debonding [105]. Facconi et al. [106] investigated the frame-to-infill 

interaction by using a layer of mortar coating, wherein two types of FMs as the detach-

ment of the brick face shell and the local collapse of brick in the bare specimen with a 

substantial reduction in stiffness were observed. Furthermore, the FMs in the strength-

ened specimens consisted of three types classified as crack, coating over detachment, and 

detachment of the brick face shell. Additionally, there was a pinching behavior in the 

strengthened specimens due to plastic deformation. In other research, openings in existing 

buildings had led to weaknesses of structures, so using composites was optional to im-

prove existing and historical structures [98]. In this line, Sabau et al. [98] examined the 

effect of openings strengthened with FRCM composites and illustrated that strengthened 

specimens failed by crushing at the bottom of the east pier due to a loss of panel stability. 

FRCM detachment also happened after concrete crushing. Finer cracks were accordingly 

related to PBO-FRCM-strengthened panels, not C-FRCM, and this was a sign of a ductile 

failure. On the contrary, the control specimen failed due to inelastic buckling. Conse-

quently, the FM of the panels changed from inelastic plate buckling failure to concrete 
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crushing at the bottom of one pier. Sagar et al. [101] correspondingly evaluated several 

experimental half-scale masonry works in filled RC frames using different configurations, 

the orientation, fabric application mode, and presence of anchors. To study the effective-

ness of FRCM, the samples were tested, and it was reported that some of the masonry 

fragments of the control specimens had been lost due to stress concentration at the column 

ends. The FM of the anchor specimen (strengthened species) was also ductile, caused by 

the detachment of the infill panel from the bottom beam, and that of the non-anchor spec-

imen (strengthened species) was the fabric ruptured along the diagonal cracks, as a ductile 

failure. It is noteworthy that oblique orientation was not suitable due to the premature 

fabric rupture. Papanicolaou et al. [107] investigated textile reinforced mortar (TRM) ver-

sus FRP as the strengthening material of URM walls under out-of-plane cyclic loading. 

The results of the FMs in previous research are reported in Table 17. 

Table 17. An overview of experimental tests of strengthened walls with inorganic mortar. 

Researchers 

Number of Specimens 

FM Remarks Type of Load Details of 

Specimens 

Strengthening 

System 

Koutas et al. [97] 
Five 

specimens. 

C fiber TRM 

jacket. 

Shear sliding by 

detachment, 

debonding, fiber 

rupture, and crushing 

of bricks. 

Wrapping of the 

infilled frame with 

two FRCM layers. 

Monotonic loading. 

Koutas et al. 

[108] 
19 specimens. Glass-fiber textile. 

Anchor rupture, 

textile rupture, anchor 

debonding, and brick 

crushing. 

At the end of the 

fanned part over the 

concrete. 

Monotonic tensile 

loading. 

Kariou et al. 

[103] 

Nine 

specimens 

(Single-layer 

specimens). 

C, G, and coated 

basalt. 

Slippage between 

textile fiber-mortar, 

textile rupture, and 

shear failure. 

N.A. 

Bending load. 
Eight 

specimens 

(Double-layer 

specimens). 

C, G, and coated 

basalt (coating 

with epoxy resin). 

Textile rupture, shear-

flexure, and shear 

failure. 

Partial fabric rupture 

and brick sliding 

(shear-flexure), TRM 

debonding (shear-

flexure), textile 

rupture (shear-

flexure), and diagonal 

tension (shear failure). 

Padalu et al. 

[109] 
24 specimens. Basalt CFRM. 

Debonding, splitting 

of bricks, and flexural 

crack. 

N.A. 

Two perpendicular 

directions under 

two-point (line) out-

of-plane loading. 

Sabau et al. [98] 
Five 

specimens. 

C-FRCM and 

PBO-FRCM. 

Inelastic buckling and 

concrete crushing. 
N.A. Axially loaded. 

Papanicolaou et 

al. [107] 
12 Specimens. 

Resin-based 

matrix, inorganic 

mortar. 

Flexure-shear (push), 

sudden FRP fracture 

(pull), flexure, TRM 

fracture (pull), flexure 

and debonding, 

flexure-shear, and 

debonding. 

N.A. 
Cyclic out-of-plane 

loading. 
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It can be summarized that basalt and G account for nearly 44 and 38% of textile fibers 

than other composites used to strengthen walls, as shown in Figure 21. In spite of the low 

tensile strength of basalt than C, basalt fibers have heat resistance and high thermal sta-

bility. The low cost of G fibers to strengthen historical buildings such as walls makes it a 

suitable fiber when the application of high-performance material is not important. Slip-

page is also a FM for G textiles because of its interaction with the matrix and the strength 

of the textile. 
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Figure 21. An increase in load-carrying capacity ratio vs. composite type with respect to FMs. 

6. Reducing the Catastrophic Effect FMs on Slabs 

Repairing existing concrete structures has become a significant need in recent years 

due to imitated material resources. TRM can be accordingly introduced and recognized 

as noticeable progress in the field of rehabilitation of existing concrete and historical struc-

tures, since it can retrofit concrete slabs in current concrete structures. Various configura-

tions of strengthened slabs are depicted in Figure 22. 

Figure 22 depicts a slab without strengthening as a control specimen, and other spec-

imens strengthened using the FRCM system in horizontal and vertical strips. In fact, a 

carbon textile was employed as external reinforcement in three slabs. It should be noted 

that all slabs were subjected to monotonic flexural loading and were tested as simply sup-

ported elements with perimeter supports. To evaluate strengthened specimens compared 

with the reference ones in slabs, the bending moment vs. deflection curve is an appropri-

ate criterion to estimate the value of strengthened specimens based on increasing the num-

ber of layers; for example, the research study shown in Figure 23 [110] indicates that slabs 

strengthened with TRC have a greater flexural capacity in comparison with control slab 

because of the higher number of layers. Meanwhile, TRC reinforcement creates more 

cracks with finer patterns of cracks. 
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Figure 22. The different configurations of strengthened slabs at their tensile face [110]. 

 

Figure 23. Force–deflection relation for strengthened and unstrengthened slab samples [110]. 

TRM also has a significant effect on controlling local damage to RC slabs under acci-

dental or deliberate events. Strengthened RC slabs also decline the local damage in RC 

slabs from the front and back faces, specifically with the same impact velocity. The value 

of the ejected weight of the slabs in two faces also proves the effectiveness of TRM in 

strengthening slabs over bare ones (Figure 24). TRM reinforcement accordingly boosts the 

ballistic limit velocity by approximately 21% [111]. The effect of three various composites 

of FRCM, C-FRP, and silane modified graphene (SGr) as a method to strengthen one-way 

RC slabs indicated that such materials boosted the flexural strength of RC slabs around 

1.3–2 times than unstrengthened ones. Additionally, the composite material affected the 

displacement ductility performance of the one-way slab system. The exposed FRCM slab 

also had a 13% increase in its displacement compared to the unexposed specimens [112]. 

The impact of TRM on various parameters, strengthening configurations, and different 

textile fibers of material groups (C vs. G) was investigated, and the initial cracking in the 

slab revealed that covering the full face in the slab was the most effective way to increase 

the flexural capacity than other ways. Additionally, in pre-cracked slabs, the effectiveness 
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of TRM in improving the flexural capacity was low, but there was a proportional ratio 

between stiffness and the number of TRM layers in post-cracking slabs despite the pres-

ence of initial cracking. It was thus concluded that flexural resistance at the serviceability 

limit state (SLS) and cracking load for one and two C-TRM layers increased with the num-

ber of TRM layers in a non-proportional manner [100]. Besides, Gao et al. [113] found that 

two types of the cementitious matrix of engineered cementitious composite (ECC) and 

polymer-modified mortar (PMM) were used to examine the flexural strengthening of the 

fire-damaged RC slabs and to repair them. The results accordingly depicted that the fire-

damaged RC slabs improved in flexural strengthening approximately by 68.9–193.4% 

compared to the unstrengthened fire-damaged specimens. It was also established that 

ECC was an ideal option for the strengthening of slabs owing to the proper results in the 

cracking control, ductility, ultimate load, and energy dissipation. Fire tests can also result 

in the formation of concrete temperatures and mid-span deflection responses of the slabs 

subjected to cooling and heating stages, as depicted in Figure 25. During the cooling stage, 

the deflections decreased in the specimens. The maximum deflections of B2-3 and B2-2 

were also greater in comparison with those of B1-2 and B1-3 because fire damage could 

result from the longer heating period [113]. 

 

Figure 24. Ejected weights from the front and back faces of slabs at the impact velocity of 135 m/s 

[111]. 
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Figure 25. The middle of deflection responses of slabs at heating and cooling stages [113]. 
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Abbaszadeh et al. [114] also reported that debonding was the dominant FM; hence, 

it was necessary to delay or prevent it. Near-surface mounting (NSM) using high-perfor-

mance fiber-reinforced cementitious composite (HPFRCC) was thus a new technique of 

bonding, which could improve the bending load capacity more than the conventional 

method called externally bonded reinforcement (EBR). In fact, NSM was considered as a 

type of inherent anchor because of its advantages. Therefore, NSM shows better behavior 

in the form of a failure mechanism than EBR. Consequently, the effectiveness of an ad-

vanced material (a type of composite), the number of TRM layers, the type of configura-

tion, and the type of bonding between TRM and concrete can contribute to the high qual-

ity of retrofitting and damage mitigation such as cracking control. The rehabilitation of 

slabs with FRCM for monitoring FMs has received less concentration in research work, 

albeit some studies have recently investigated slabs strengthened with the FRCM system 

[46,115]. In this respect, Loreto et al. [116] tested and evaluated one-way slabs with the 

number of fabric plies (i.e., one and four) and the concrete compressive strength. On the 

whole, an increase in the fabric amount led to a rise in strengthening and reducing ductil-

ity. The number of plies also changed the FM from slippage to delamination for one- to 

four-ply FRCM, respectively. No debonding FM was also observed in the one-way slabs. 

Then, six-scale RC two-way slabs were investigated under monotonic loading. The FM 

and crack pattern of the strengthened with one layer of textile was thus similar to the 

control slab, but there was more flexural strengthening due to the presence of TRM. Ad-

ditionally, partial FMs such as rupture and slippage were assumed as the destruction 

mechanisms under flexure, while the slab strengthened with two layers failed by punch-

ing shear due to its brittle nature and different crack patterns. It is noteworthy that cover-

ing the full face of the slab and the main direction of the fiber were the effective parameters 

in the configuration in order to enhance flexural capacity (Figure 26) [117]. 

Figure 26 depicts two slabs strengthened with FRCM and one unstrengthened slab. 

Figure 26b–c depicts a slab strengthened with one textile layer (carbon) covering the 

whole tensile face, and another one strengthened with two textile layers under monotonic 

flexural loading. The unstrengthened slab (Figure 26a) failed in flexural, and once steel 

reinforcement yielded, substantial deflections appeared. Figure 26b depicts a few signifi-

cant cracks and some minor cracks on the face of the textile layer. Consequently, the fibers’ 

partial rupture and the slippage within the matrix layer are the results of induced pro-

gressive failure. The last strengthened slab failed due to partial fiber slippage within the 

matrix across two cracks, followed by the concrete punching shear (Figure 26c). In similar 

research, several two-way slabs had been assessed, and a new technique had been further 

proposed to augment the flexural capacity and prevent brittle FM-specific debonding, 

whereas the two-way EBR strips cast of slab type E had led to debonding [114]. 
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Figure 26. FMs in unstrengthened and strengthened slabs with different textile layers [117]: (a) un-

strengthened slab failed by flexural cracks; (b) strengthened slab failed by partial rupture and slip-

page within the mortar layer; (c) strengthened slab with partial fiber slippage within the matrix 

across two cracks, followed by the concrete punching shear. 

Aljazaeri et al. [112] consistently indicated that the composite reinforcement ratio and 

composite material type could be important in the effectiveness of FMs, since they could 

change FMs from slippage (for one layer of the C-FRM composite) to debonding (for two-

three layers of the composite) failure in the specimens. Hence, debonding occurred due to 

the higher load. In addition, for the C-FRP composite, rupture failure was one of the FMs 

due to the material nature. Abbaszadeh et al. [114] also demonstrated an innovative basalt 

fabric-reinforced shotcrete system for the flexural upgrading of fire-damaged RC slabs for 

the first time, which substantially improved the flexural behavior of fire-damaged RC 

slabs after cracking. Furthermore, the FM of all specimens was flexural, but one of the 

specimens was under shear failure as the second failure due to the weakening of the cross-

section at the plate end. 

7. Reducing the Catastrophic Effect of FMs on Arches and Vaults 

Geometry and mechanical characteristics directly contribute to the safety of arched 

structures. In order to maintain stability in arched masonry, repairing arched masonry is 

vital to utilize. It is noteworthy that the rehabilitation of arches using steel profiles at the 

arches, reinforced concrete hoods, and added cementitious mortar, are not proper due to 

their disadvantages, viz.: more weight, high brittleness, and aesthetic effects [118–123]. On 

the other hand, masonry arches may fail due to the formation of hinges that correspond 

to a mechanism of collapse. In fact, before forming a plastic hinge, section cracks and high 

deformations occur. Meanwhile, the failure mechanism is based on the formation of four 

hinges at the intrados and extrados of the arches [124]. There is also a difference in the line 

of thrust in the form of extrados and intrados strengthening (Figure 27). Although a struc-

ture strengthened at the intrados results in a static specimen similar to extrados, the dis-

tribution of the stress is different [125]. Therefore, the TRM system can play a role in de-

laying the formation of hinges at the strengthening of arches. 

In fact, these arches were subject to vertical loading at one-quarter span. The for-

mation of four hinges may prevent the brittle collapse mechanism of such structures. 
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Finally, the formation of these hinges plays a key role in reducing damage. Considering 

Figure 27a, extrados strengthening permits a fall outside the lower edge of the arch with-

out progressive collapse. In Figure 27b, the strengthened arch at the intrados avoids the 

formation of the fourth hinge close to the load point because of the reinforcement and the 

thrust line (outside the upper edge of the arch). Figure 28 reveals that the unstrengthened 

arches failed with four alternate (intrados/extrados) hinges. The first hinge happened at 

the arch extrados at the loaded cross-section, whereas the second hinge occurred at the 

intrados. Consequently, the third and fourth hinges appeared on the left and right abut-

ments, respectively. The location and order of formation of the hinges on the control 

arches are depicted in Figure 28. 

Figures 27 and 28 show the sequence of the hinges created with the increasing load. 

The values of the load also coincide with three phases, namely, the range of the liner (first 

hinge), peak load (second hinge), and the collapse load (third and fourth hinges) [118,126]. 

The application of the FRCM system for repairing masonry elements accordingly de-

mands more research in this field. The structural performance of masonry arches repaired 

both at intrados and extrados (Figure 29) using PBO can also modify the failure mecha-

nism, so FMs are different at intrados and extrados [127]. Debonding has further occurred 

for intrados, while the latter is shear sliding at the right abutment as a FM (Figure 28) [121]. 

Figure 29 demonstrates two arches strengthened with basalt composite by a grid em-

bedded in a lime-based hydraulic matrix. The grid consists of a balanced bi-axial mesh 

with low-density basalt fibers spaced at 17 mm in the center in both directions. The results 

showed that the use of basalt FRCM strip boosted load-carrying capacity and proved to 

be the most effective solution. 
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Figure 27. The thrust line and static scheme of arches strengthened at: (a) extrados, and (b) intra-

dos [126]. 
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Figure 28. Sequence of hinges formation on the unrepaired arches [118]. 
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b)a)  

Figure 29. Strengthened arch at: (a) intrados; (b) extrados [127]. 

In order to evaluate the stability of masonry arches and predict collapse load, thrust 

line and limit analysis were the influential tools before computer programs. This method 

is still replaced by finite element (FE) simulation [128]. There is also a suitable technique 

to achieve adequate validity of the deformability of the arch, which cannot be acquired 

via limit analysis. This method shows the sequence of hinge formation based on the force-

vertical deflection. Once the determination of the exact place of the hinges is made, initial 

stiffness and ultimate displacements can thus be assisted to prevent further hinges and 

improve the safety and stability in arches. The study of failure mechanisms in arches and 

vaults is one of the most noticeable issues in relation to increased efficiency. The collapse 

mechanism in masonry arches and vaults can thus give rise to the formation of several 

hinges. Some efforts have been thus made as follows. Alecci et al. [118] tested several ma-

sonry arch models (unstrengthened and strengthened) loaded vertically in terms of intra-

dos and extrados with PBO and C-FRP. The use of PBO-FRCM retrofitted composite at 

the intrados or extrados of the arches had shown a ductile failure owing to more warnings 

before reaching collapses, while arches strengthened with C-FRP system could always 

show a brittle failure. In the case of the application of PBO-FRCM, there was a difference 

in the ductility index between intrados and extrados due to variations in the pattern of 

failure mechanism. In addition, there was debonding at the PBO textile mortar interface 

in the intrados of the arch, while debonding at the composite-to-masonry interface in the 

extrados of the arch was observed. Incert et al. [129] also studied arches repaired with the 

FRCM composite, including basalt fibers surrounded in the lime-based hydraulic mortar 

with three different configurations. It was inferred that the application of the FRCM strips 

delayed the formation of the first hinge, while the stiffness and load capacity increased in 

the strengthened arches. Although FMs did not improve or modify the FRCM strips, the 

mechanism of failure directly depended on the formation of hinges, and then all the arches 

collapsed after the appearance of four hinges. In order to study the structural performance 

of masonry arches retrofitted with the FRP and TRM composite systems, experimental 

tests have been recently conducted at Milan University, indicating that FMs in TRM vaults 

consisted of two categories—textile rupture and structure collapse—taking account of the 

number of hinges. The latter was created with the appearance of four hinges, specifically 

two hinges at the abutments; however, the textile rupture occurred with the formation of 

the second hinges due to tensile break and slippage of the external filaments of the yarns. 

The FRP system in vaults also improved FMs by preventing the first hinge, which had not 

been created at the extrados at the opposite quarter of the span. On the other hand, the 

complete detachment of the fiber was detected, and the second hinge appeared at the left 

abutment. Hence, debonding happened at the abutment. Consequently, three hinges were 

recorded with the FRP vault system. As a result, the TRM system had the best perfor-

mance and then significantly boosted the FRP system in terms of stiffness, ductility, and 

capacity load. The FRP system also transformed FMs due to the prevention of the second 

hinge formation at the extrados in the third quarter of the span (Figure 30–32) [128,130]. 

The FMs of the arches also directly depended on the formation of the hinges at extrados 

and intrados. Of note, such FMs are much more common in masonry arches, debonding, 

tensile rupture, and crushing. It is noteworthy that collapses occur by the formation of 

four hinges [124]. 
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Figure 30. A comparison between unreinforced (U-V) and reinforced (FRP-V and TRCM-V) vaults: 

Load-displacement curves [130]. 
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Figure 31. The position of four formations on reference arches and loading positions in the fourth 

arch [130]. 
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Figure 32. FMs in the strengthened vault, including the formation of four hinges: (a) at extrados and 

(b) intrados and rupture TRM [130]. 

It can be observed that the highest rate of FMs in strengthened arches is recorded for 

debonding by approximately 32%. In addition, C has also been used to repair about 29% 

compared with other fibers, as shown in Figure 33. There are also plenty of cases to occur 

during debonding in strengthened arches. The structural behavior of retrofitted arches is 

thus one of the reasons. Additionally, the opening of the hinges at the intrados of strength-

ened arches during loading and the gradual loss of adhesion at the matrix-textile interface 

may cause debonding. Additionally, types of composites play a significant role in the 

L
o
a
d
 (

 k
N

 )



Buildings 2022, 12, 653 38 of 44 
 

brittle failure mechanism because of differences in the values of kinematic ductility be-

tween the two composites, such as C vs. PBO. 
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Figure 33. An increase in the load-carrying capacity ratio vs. composite type with respect to FMs. 

8. Recommendations for Future Studies 

There is little research on work considering the repairing concrete columns retrofitted 

with FRCM systems, especially the damage to columns strengthened with the FRCM sys-

tem and subjected to different scenarios such as the effects of freeze-thaw cycles or the 

negative effect of reinforcement corrosion on the mechanical characteristics of the FRCM-

strengthening systems; hence, these are fundamental gaps, whose effectiveness in terms 

of FE analysis and empirical investigations under their fracture mechanism should be 

evaluated. More experimental research is also needed on beams, columns, arches, and 

slabs strengthened with the FRCM system. There are no enormous experiments that have 

investigated the effect of the changes in temperature on the variety of strengthened struc-

tural elements. With more experiments, the FRCM system can be introduced as a promis-

ing technique in harsh environments during high adaptability. Research manuscripts re-

porting large datasets that are deposited in a publicly available database should specify 

where the data have been deposited and provide the relevant accession numbers. 

9. Conclusions 

This study investigated and presented several techniques to study the efficiency of 

the FRCM system in strengthening concrete and masonry structures. In fact, the FRCM 

system has a noticeable impact on flexural, shear, torsional, and axial capacities in con-

crete structures. Meanwhile, this method has a suitable performance in terms of enhanc-

ing the efficiency of masonry structures and is even used in the strengthening of different 

structural elements such as beams, columns, walls, arches, and slabs. 

Besides, fracture mechanics is very sensitive to the main parameters, including textile 

layers, composite type, configurations, and anchors. It should be noted that such param-

eters have changed and improved FMs; for example, coated fabric converts ductile into 

fragile failure. Fiber rupture is also a significant fracture mode due to the bucking of lon-

gitudinal steel reinforcement in columns strengthened with the TRM system, which is 

considered as a typical ductile failure, while debonding and concrete crushes are fragile 

failures in strengthened columns with no damage to the jacket. 

In fact, structures strengthened with C and G fibers usually include the fiber rupture 

phenomenon because of the low mechanical fiber and the differences in the values of kin-

ematic ductility than full PBO; however, debonding failure has been observed in PBO ma-

terials with respect to the available data. 
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Debonding is also the much more common FM in beams strengthened with the 

FRCM system, which is sensitive to the bonded-length FRCM system. In general, an in-

sufficient bonded length of the FRCM system in the strengthened beam has led to a cata-

strophic failure and fragile fracture. Meanwhile, available data illustrate that PBO and C 

are more frequently used in fiber for flexural and shear strengthening of beams because 

of their high mechanical fiber and difference in the values of kinematic ductility than other 

fibers. In addition, for the PBO-FRCM composite, debonding has occurred in the fiber-

matrix interface surface, and the increase in the number of layers leads to some changes 

in the debonding mechanism on the weakest fiber-matrix surface. Additionally, changing 

the type of composites in flexural strengthening of beams causes a change in FMs, whereas 

the shear strengthening of beams has a constant FM. 

In the case of strengthened walls with the FRCM system, a suitable bond length and 

equivalent thicknesses of the composite are assumed as the effective parameters to avoid 

sudden and catastrophic failure, especially significant fracture in walls, called premature 

debonding. Diagonal in-plane shear failure is also the typical in-plane failure of masonry 

walls. Flexural failure is thus common in out-of-plane loaded masonry walls, which can 

be sorted into two categories of flexural and horizontal flexural failures because of the 

formation of three hinges at the top, bottom, and in-between of masonry walls. Accord-

ingly, the out-of-plane collapse mechanism in masonry walls is a significant failure mech-

anism. G and basalt are also applied at around 34 and 47%, respectively, and can be useful 

when the application of high-performance composite materials is not often noticeable. In 

addition, boosting the load-carrying capacity in repaired arches does not alter the failure 

mechanism, especially for G and basalt. 

For the case of arches retrofitted with the TRM system, the type of FM depends on 

the reinforcement position, especially arches retrofitted at the extrados or intrados, 

whereas FM is independent of the type of reinforcement, reinforcement width, and arch 

parameters. Shear sliding is also the critical FM in retrofitted arches. In addition, debond-

ing contributes to 32% of failure mechanisms with reference to the databases. C fiber cur-

rently uses about 28% of fibers to repair arches. 

For slabs strengthened with the FRCM system, an ideal FM has occurred for strength-

ened specimens with the FRCM system. With respect to one textile layer of the FRCM 

composite, a sudden failure such as fiber rupture is often caused by changing the type of 

materials, such as C-FRP or steel-reinforced polymer. It should be noted that punching 

shear failure is predominant in the failure mechanism in two-way slabs strengthened with 

full-wrapping FRCM composite. 

On the other hand, the FRCM system is not applicable to all structures, such as steel 

structures. Likewise, the effectiveness of FRCM strengthening was lower than that of FRP 

strengthening, considering the limitations imposed by the ultimate strength design. How-

ever, FRCM outperforms FRP in terms of increasing the flexural and shear capacities of 

RC beams exposed to high temperatures, whereas FRP loses efficacy. As a result, the 

FRCM system can be employed for special targets, as previously stated. 

More research is required to assess the performance of FRCM composites in different 

scenarios of loading and deficiency, e.g., progressive collapse under gas explosion, exca-

vation, and excessive loading. Additionally, the experimental works, including those de-

tailed in this paper, are limited in scope. Further research is required to investigate the 

uncertainty in both input parameters and models. 

Author Contributions: Conceptualization, D.Z., M.S., and D.-P.N.K.; methodology, M.A.I., D.Z., 

M.S., D.-P.N.K., and M.I.; software, M.A.I. and M.I.; validation, D.Z., M.S., and D.-P.N.K.; formal 

analysis, M.A.I., D.Z., M.S., D.-P.N.K., and M.I.; investigation, M.A.I., D.Z., M.S., D.-P.N.K., and 

M.I.; resources, D.Z., M.S., and D.-P.N.K.; data curation, M.A.I., D.Z., M.S., D.-P.N.K., and M.I.; writ-

ing—original draft preparation, M.A.I., D.Z., M.S., D.-P.N.K., and M.I.; writing—review and edit-

ing, D.Z., M.S. and D.-P.N.K.; visualization, M.A.I. and M.I.; supervision, D.Z., M.S., and D.-P.N.K.; 

project administration, D.Z.; funding acquisition, D.Z. All authors have read and agreed to the pub-

lished version of the manuscript. 



Buildings 2022, 12, 653 40 of 44 
 

Funding: This research was funded by the National Natural Science Foundation of China (grant 

number: 12072192, U1831105), and the Natural Science Foundation of Shanghai (grant number: 

20ZR1429500). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data is contained within the article. 

Acknowledgments: The authors gratefully acknowledge the financial support of the National Nat-

ural Science Foundation of China (12072192, U1831105) and the Natural Science Foundation of 

Shanghai (20ZR1429500). The first author is grateful to the China Scholarship Council (CSC) for 

providing a scholarship to pursue postgraduate studies at Shanghai Jiao Tong University. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Sudarsana, I.K. Retrofitting of Low Rise Reinforced Concrete Building Using External Bolted Steel Plates Case Study: SPS 

Building, Jimbaran, Bali-indonesia. Procedia Eng. 2017, 171, 1147–1156. 

2. Abdalla, J.A.; Abu-Obeidah, A.S.; Hawileh, R.A.; Rasheed, H.A. Shear strengthening of reinforced concrete beams using 

externallybonded aluminum alloy plates: An experimental study. Constr. Build. Mater. 2016, 128, 24–37. 

3. Peng, J.; Tang, H.; Zhang, J. Structural behavior of corroded reinforced concrete beams strengthened with steel plate. J. Perform. 

Constr. Facil. 2017, 31, 04017013. 

4. Raoof, S.M.; Bournas, D.A. TRM versus FRP in flexural strengthening of RC beams: Behaviour at high temperatures. Constr. 

Build. Mater. 2017, 154, 424–437. 

5. De Domenico, D. RC members strengthened with externally bonded FRP plates: A FE-based limit analysis approach. Compos. 

Part B Eng. 2015, 71, 159–174. 

6. Hu, W.; Li, Y.; Yuan, H. Review of experimental studies on application of FRP for strengthening of bridge structures. Adv. Mater. 

Sci. Eng. 2020, 2020, 8682163. 

7. Abbas, Y.M.; Iqbal Khan, M. Fiber–matrix interactions in fiber-reinforced concrete: A review. Arab. J. Sci. Eng. 2016, 41, 1183–

1198. 

8. Siddika, A.; Al Mamun, M.A.; Alyousef, R.; Amran, Y.M. Strengthening of reinforced concrete beams by using fiber-reinforced 

polymer composites: A review. J. Build. Eng. 2019, 25, 100798. 

9. Siddika, A.; Al Mamun, M.A.; Ferdous, W.; Alyousef, R. Performances, challenges and opportunities in strengthening 

reinforced concrete structures by using FRPs–A state-of-the-art review. Eng. Fail. Anal. 2020, 111, 104480. 

10. El-Zeadani, M.; MR, R.S.; Amran, Y.M.; Hejazi, F.; Jaafar, M.; Alyousef, R.; Alabduljabbar, H. Analytical mechanics solution for 

measuring the deflection of strengthened RC beams using FRP plates. Case Stud. Constr. Mater. 2019, 11, e00272. 

11. Abbood, I.S.; aldeen Odaa, S.; Hasan, K.F.; Jasim, M.A. Properties evaluation of fiber reinforced polymers and their constituent 

materials used in structures–A review. Mater. Today Proc. 2021, 43, 1003–1008. 

12. Reichenbach, S.; Preinstorfer, P.; Hammerl, M.; Kromoser, B. A review on embedded fibre-reinforced polymer reinforcement in 

structural concrete in Europe. Constr. Build. Mater. 2021, 307, 124946. 

13. Escrig, C.; Gil, L.; Bernat-Maso, E. Experimental comparison of reinforced concrete beams strengthened against bending with 

different types of cementitious-matrix composite materials. Constr. Build. Mater. 2017, 137, 317–329. 

14. Bencardino, F.; Carloni, C.; Condello, A.; Focacci, F.; Napoli, A.; Realfonzo, R. Flexural behaviour of RC members strengthened 

with FRCM: State-of-the-art and predictive formulas. Compos. Part B Eng. 2018, 148, 132–148. 

15. Donnini, J.; Corinaldesi, V. Mechanical characterization of different FRCM systems for structural reinforcement. Constr. Build. 

Mater. 2017, 145, 565–575. 

16. Koutas, L.N.; Tetta, Z.; Bournas, D.A.; Triantafillou, T.C. Strengthening of concrete structures with textile reinforced mortars: 

State-of-the-art review. J. Compos. Constr. 2019, 23, 03118001. 

17. Cerniauskas, G.; Tetta, Z.; Bournas, D.; Bisby, L. Concrete confinement with TRM versus FRP jackets at elevated temperatures. 

Mater. Struct. 2020, 53, 58 . 

18. El-Sherif, H.; Wakjira, T.G.; Ebead, U. Flexural strengthening of reinforced concrete beams using hybrid near-surface 

embedded/externally bonded fabric-reinforced cementitious matrix. Constr. Build. Mater. 2020, 238, 117748. 

19. Triantafyllidis, Z.; Bisby, L.A. Fibre-reinforced intumescent fire protection coatings as a confining material for concrete columns. 

Constr. Build. Mater. 2020, 231, 117085. 

20. Rossi, E.; Randl, N.; Mészöly, T.; Harsányi, P. Flexural strengthening with fiber-/textile-reinforced concrete. ACI Struct. J. 2021, 

118, 97–107. 

21. Siddika, A.; Shojib, M.; Hasan, H.; Hossain, M.; Mamun, M.; Al, A.; Alyousef, R.; Amran, Y. Flexural performance of wire mesh 

and geotextile-strengthened reinforced concrete beam. SN Appl. Sci. 2019, 1, 1324. 

22. De Santis, S.; de Felice, G. Tensile behaviour of mortar-based composites for externally bonded reinforcement systems. Compos. 

Part B Eng. 2015, 68, 401–413. 



Buildings 2022, 12, 653 41 of 44 
 

23. Liu, K.; Wu, Y.-F. Analytical identification of bond–slip relationship of EB-FRP joints. Compos. Part B Eng. 2012, 43, 1955–1963. 

24. Carozzi, F.G.; Poggi, C. Mechanical properties and debonding strength of Fabric Reinforced Cementitious Matrix (FRCM) 

systems for masonry strengthening. Compos. Part B Eng. 2015, 70, 215–230. 

25. Zhao, X.-L.; Zhang, L. State-of-the-art review on FRP strengthened steel structures. Eng. Struct. 2007, 29, 1808–1823. 

26. Wang, X.; Lam, C.C.; Iu, V.P. Bond behaviour of steel-TRM composites for strengthening masonry elements: Experimental 

testing and numerical modelling. Constr. Build. Mater. 2020, 253, 119157. 

27. Alabdulhady, M.Y.; Sneed, L.H. Torsional strengthening of reinforced concrete beams with externally bonded composites: A 

state of the art review. Constr. Build. Mater. 2019, 205, 148–163. 

28. Napoli, A.; Realfonzo, R. Compressive strength of concrete confined with fabric reinforced cementitious matrix (FRCM): 

Analytical models. Compos. Part C Open Access 2020, 2, 100032. 

29. Abdelwahed, B. A review on building progressive collapse, survey and discussion. Case Stud. Constr. Mater. 2019, 11, e00264. 

30. Shahbazpanahi, S.; Ali, A.A.A.; Aznieta, F.N.; Kamgar, A.; Farzadnia, N. A Theoretical Method for Fracture Resistance of Shear-

Strengthened RC Beams with FRP. Arab. J. Sci. Eng. 2014, 39, 3591–3597. 

31. Alrshoudi, F. Textile-Reinforced Concrete Versus Steel-Reinforced Concrete in Flexural Performance of Full-Scale Concrete 

Beams. Crystals 2021, 11, 1272. 

32. Akram, A.; Hameed, R.; Siddiqi, Z.A.; Riaz, M.R.; Ilyas, M. Finite element modeling of RC beams strengthened in flexure using 

FRP material. Arab. J. Sci. Eng. 2014, 39, 8573–8584. 

33. Koutas, L.N.; Papakonstantinou, C.G. Flexural strengthening of RC beams with textile-reinforced mortar composites focusing 

on the influence of the mortar type. Eng. Struct. 2021, 246, 113060. 

34. Bhatti, A.Q.; Kishi, N. Control of FRP debonding in strengthened RC beams. Arab. J. Sci. Eng. 2012, 37, 2103–2112. 

35. Pino, V.; Akbari Hadad, H.; De Caso y Basalo, F.; Nanni, A.; Ali Ebead, U.; El Refai, A. Performance of FRCM-strengthened RC 

beams subject to fatigue. J. Bridge Eng. 2017, 22, 04017079. 

36. Elsanadedy, H.M.; Almusallam, T.H.; Alsayed, S.H.; Al-Salloum, Y.A. Flexural strengthening of RC beams using textile 

reinforced mortar–Experimental and numerical study. Compos. Struct. 2013, 97, 40–55. 

37. Yin, S.-P.; Sheng, J.; Wang, X.-X.; Li, S.-G. Experimental investigations of the bending fatigue performance of TRC-strengthened 

RC beams in conventional and aggressive chlorate environments. J. Compos. Constr. 2016, 20, 04015051. 

38. Raoof, S.M.; Bournas, D.A. Bond between TRM versus FRP composites and concrete at high temperatures. Compos. Part B Eng. 

2017, 127, 150–165. 

39. Raoof, S.M.; Koutas, L.N.; Bournas, D.A. Textile-reinforced mortar (TRM) versus fibre-reinforced polymers (FRP) in flexural 

strengthening of RC beams. Constr. Build. Mater. 2017, 151, 279–291. 

40. Elghazy, M.; El Refai, A.; Ebead, U.; Nanni, A. Effect of corrosion damage on the flexural performance of RC beams strengthened 

with FRCM composites. Compos. Struct. 2017, 180, 994–1006. 

41. Alam, M.A.; Alshaikhly, A.S.; Mustapha, K.N. An experimental study on the debonding of steel and cfrp strips externally 

bonded to concrete in the presence of embedded shear connectors. Arab. J. Sci. Eng. 2016, 41, 4171–4186. 

42. Escrig, C.; Gil, L.; Bernat-Maso, E.; Puigvert, F. Experimental and analytical study of reinforced concrete beams shear 

strengthened with different types of textile-reinforced mortar. Constr. Build. Mater. 2015, 83, 248–260. 

43. Elghazy, M.; El Refai, A.; Ebead, U.; Nanni, A. Experimental results and modelling of corrosion-damaged concrete beams 

strengthened with externally-bonded composites. Eng. Struct. 2018, 172, 172–186. 

44. D’Ambrisi, A.; Focacci, F. Flexural strengthening of RC beams with cement-based composites. J. Compos. Constr. 2011, 15, 707–

720. 

45. Liu, D.; Huang, H.; Zuo, J.; Duan, K.; Xue, Y.; Li, Y. Experimental and numerical study on short eccentric columns strengthened 

by textile-reinforced concrete under sustaining load. J. Reinf. Plast. Compos. 2017, 36, 1712–1726. 

46. Koutas, L.N.; Bournas, D.A. Flexural Strengthening of Two-Way RC Slabs with Cut Openings Using Textile-Reinforced Mortar 

Composites. J. Compos. Constr. 2021, 25, 04021018. 

47. Koutas, L.N.; Skyrianou, I.; Papakonstantinou, C.G. Mechanical performance of rubberised concrete confined with textile 

reinforced mortar jackets. In Proceedings of the 1st Croatian Conference on Earthquake Engineering, Zagreb, Croatia, 22–24 

March 2021. 

48. Stempniewski, L.; Mowrtage, W.; Urban, M. Seismic collapse prevention of non-structural infill masonry using eq-top: An easy 

earthquake fibre retrofitting system. Arab. J. Sci. Eng. 2014, 39, 1599–1605. 

49. Wakjira, T.G.; Ebead, U. A shear design model for RC beams strengthened with fabric reinforced cementitious matrix. Eng. 

Struct. 2019, 200, 109698. 

50. Ibrahim, M.; Wakjira, T.; Ebead, U. Shear strengthening of reinforced concrete deep beams using near-surface mounted hybrid 

carbon/glass fibre reinforced polymer strips. Eng. Struct. 2020, 210, 110412. 

51. Tetta, Z.C.; Koutas, L.N.; Bournas, D.A. Shear strengthening of full-scale RC T-beams using textile-reinforced mortar and textile-

based anchors. Compos. Part B Eng. 2016, 95, 225–239. 

52. Gonzalez-Libreros, J.H.; Sneed, L.; D'Antino, T.; Pellegrino, C. Behavior of RC beams strengthened in shear with FRP and FRCM 

composites. Eng. Struct. 2017, 150, 830–842. 

53. Azam, R.; Soudki, K. FRCM strengthening of shear-critical RC beams. J. Compos. Constr. 2014, 18, 04014012. 

54. Tetta, Z.C.; Koutas, L.N.; Bournas, D.A. Textile-reinforced mortar (TRM) versus fiber-reinforced polymers (FRP) in shear 

strengthening of concrete beams. Compos. Part B Eng. 2015, 77, 338–348. 



Buildings 2022, 12, 653 42 of 44 
 

55. Wakjira, T.G.; Ebead, U. Hybrid NSE/EB technique for shear strengthening of reinforced concrete beams using FRCM: 

Experimental study. Constr. Build. Mater. 2018, 164, 164–177. 

56. Ombres, L. Structural performances of reinforced concrete beams strengthened in shear with a cement based fiber composite 

material. Compos. Struct. 2015, 122, 316–329. 

57. Azam, R.; Soudki, K.; West, J.S.; Noël, M. Behavior of shear-critical RC beams strengthened with CFRCM. J. Compos. Constr. 

2018, 22, 04017046. 

58. Marcinczak, D.; Trapko, T.; Musiał, M. Shear strengthening of reinforced concrete beams with PBO-FRCM composites with 

anchorage. Compos. Part B Eng. 2019, 158, 149–161. 

59. Younis, A.; Ebead, U.; Shrestha, K.C. Different FRCM systems for shear-strengthening of reinforced concrete beams. Constr. 

Build. Mater. 2017, 153, 514–526. 

60. Zhou, J.; Chen, Z.; Chen, Y.; Song, C.; Li, J.; Zhong, M. Torsional behavior of steel reinforced concrete beam with welded studs: 

Experimental investigation. J. Build. Eng. 2022, 48, 103879. 

61. Alabdulhady, M.Y.; Aljabery, K.; Sneed, L.H. Analytical study on the torsional behavior of reinforced concrete beams 

strengthened with FRCM composite. J. Compos. Constr. 2019, 23, 04019006. 

62. Karimipour, A.; De Brito, J.; Ghalehnovi, M.; Gencel, O. Torsional behaviour of rectangular high-performance fibre-reinforced 

concrete beams. Structures, 2022; 35, 511–519. 

63. Rajguru, R.S.; Patkar, M. Torsion behavior of strengthened RC beams by ferrocement. Mater. Today Proc. 2021, in press. https:// 

doi.org/ 10.1016/j.matpr.2021.06.329. 

64. Alabdulhady, M.Y.; Sneed, L.H.; Carloni, C. Torsional behavior of RC beams strengthened with PBO-FRCM composite–An 

experimental study. Eng. Struct. 2017, 136, 393–405. 

65. Panchacharam, S.; Belarbi, A. Torsional behavior of reinforced concrete beams strengthened with FRP composites. In 

Proceedings of the First FIB Congress, Osaka, Japan, 13 October 2002; pp. 1–11. 

66. Alabdulhady, M.Y.; Sneed, L.H. A study of the effect of fiber orientation on the torsional behavior of RC beams strengthened 

with PBO-FRCM composite. Constr. Build. Mater. 2018, 166, 839–854. 

67. Zhang, J.; Lu, Z.; Zhu, H. Experimental study on the behaviour of RC torsional members externally bonded with CFRP. In 

Proceedings of FRP Composites in Civil Engineering. In Proceedings of the International Conference on FRP Composites in 

Civil Engineering Hong Kong Institution of Engineers, Hong Kong Institution of Steel Construction, Hong Kong, China, 12–15 

December 2001. 

68. Ghobarah, A.; Ghorbel, M.; Chidiac, S. Upgrading torsional resistance of reinforced concrete beams using fiber-reinforced 

polymer. J. Compos. Constr. 2002, 6, 257–263. 

69. Demir, C.; Darilmaz, K.; Ilki, A. Cyclic stress–strain relationships of FRP confined concrete members. Arab. J. Sci. Eng. 2015, 40, 

363–379. 

70. Gonzalez-Libreros, J.; Zanini, M.A.; Faleschini, F.; Pellegrino, C. Confinement of low-strength concrete with fiber reinforced 

cementitious matrix (FRCM) composites. Compos. Part B Eng. 2019, 177, 107407. 

71. Al-Gemeel, A.N.; Zhuge, Y.; Youssf, O. Experimental investigation of basalt textile reinforced engineered cementitious 

composite under apparent hoop tensile loading. J. Build. Eng. 2019, 23, 270–279. 

72. Zhu, J.-H.; Wang, Z.; Su, M.-n.; Ueda, T.; Xing, F. C-FRCM jacket confinement for RC columns under impressed current cathodic 

protection. J. Compos. Constr. 2020, 24, 04020001. 

73. Ombres, L.; Verre, S. Numerical modeling approaches of FRCMs/SRG confined masonry columns. Front. Built Environ. 2019, 5, 

143. 

74. Ombres, L.; Verre, S. Analysis of the behavior of FRCM confined clay brick masonry columns. Fibers 2020, 8, 11. 

75. Trapko, T.; Musiał, M. Effect of PBO–FRCM reinforcement on stiffness of eccentrically compressed reinforced concrete columns. 

Materials 2020, 13, 1221. 

76. Tello, N.; Alhoubi, Y.; Abed, F.; El Refai, A.; El-Maaddawy, T. Circular and square columns strengthened with FRCM under 

concentric load. Compos. Struct. 2021, 255, 113000. 

77. Mandor, A.; El Refai, A. Assessment and modeling of the debonding failure of fabric-reinforced cementitious matrix (FRCM) 

systems. Compos. Struct. 2021, 275, 114394. 

78. Choi, D.; Vachirapanyakun, S.; Ochirbud, M.; Naidangjav, U.; Ha, S.; Kim, Y. Tensile Performance, Lap-Splice Length and 

Behavior of Concretes Confined by Prefabricated C-FRCM System. Int. J. Concr. Struct. Mater. 2021, 15, 45. 

79. Colajanni, P.; De Domenico, F.; Recupero, A.; Spinella, N. Concrete columns confined with fibre reinforced cementitious 

mortars: Experimentation and modelling. Constr. Build. Mater. 2014, 52, 375–384. 

80. Trapko, T. Effect of eccentric compression loading on the strains of FRCM confined concrete columns. Constr. Build. Mater. 2014, 

61, 97–105. 

81. Shi-ping, Y.; Shi-chang, L.; Xun, S.; Xiang-qian, H. Study of the mechanical properties of TRC-strengthened eccentric columns 

exposed to dry and wet cycles in a chloride salt erosion environment. Eng. Struct. 2020, 204, 110014. 

82. Liu, D.; Huang, H.; Yue, Q.; Xue, Y.; Wang, M. Behaviour of tunnel lining strengthened by textile-reinforced concrete. Struct. 

Infrastruct. Eng. 2016, 12, 964–976. 

83. Ombres, L.; Verre, S. Structural behaviour of fabric reinforced cementitious matrix (FRCM) strengthened concrete columns 

under eccentric loading. Compos. Part B Eng. 2015, 75, 235–249. 



Buildings 2022, 12, 653 43 of 44 
 

84. Shi-ping, Y.; Xiang-qian, H.; Yun-tao, H. Study on the compression performance of small eccentric degradation columns 

strengthened with TRC in a chloride environment. Constr. Build. Mater. 2018, 176, 50–59. 

85. Cascardi, A.; Micelli, F.; Aiello, M.A. FRCM-confined masonry columns: Experimental investigation on the effect of the 

inorganic matrix properties. Constr. Build. Mater. 2018, 186, 811–825. 

86. Abdo, M.A.-B.; Hori, M. Reliability of using 3-D woven polypropylene fiber in strengthening of a large-scale RC structure 

subjected to seismic loads. Arab. J. Sci. Eng. 2012, 37, 505–520. 

87. Cascardi, A.; Longo, F.; Micelli, F.; Aiello, M.A. Compressive strength of confined column with Fiber Reinforced Mortar (FRM): 

New design-oriented-models. Constr. Build. Mater. 2017, 156, 387–401. 

88. Estevan, L.; Baeza, F.J.; Bru, D.; Ivorra, S. Stone masonry confinement with FRP and FRCM composites. Constr. Build. Mater. 

2020, 237, 117612. 

89. Cascardi, A.; Lerna, M.; Micelli, F.; Aiello, M.A. Discontinuous FRP-confinement of masonry columns. Front. Built Environ. 2020, 

5, 147. 

90. Longo, F.; Lassandro, P.; Moshiri, A.; Phatak, T.; Aiello, M.A.; Krakowiak, K.J. Lightweight geopolymer-based mortars for the 

structural and energy retrofit of buildings. Energy Build. 2020, 225, 110352. 

91. Di Ludovico, M.; Cascardi, A.; Balsamo, A.; Aiello, M.A. Uniaxial experimental tests on full-scale limestone masonry columns 

confined with glass and basalt FRCM systems. J. Compos. Constr. 2020, 24, 04020050. 

92. Trapko, T. Confined concrete elements with PBO-FRCM composites. Constr. Build. Mater. 2014, 73, 332–338. 

93. Ombres, L. Concrete confinement with a cement based high strength composite material. Compos. Struct. 2014, 109, 294–304. 

94. Colajanni, P.; Fossetti, M.; Macaluso, G. Effects of confinement level, cross-section shape and corner radius on the cyclic behavior 

of CFRCM confined concrete columns. Constr. Build. Mater. 2014, 55, 379–389. 

95. Ombres, L. Structural performances of thermally conditioned PBO FRCM confined concrete cylinders. Compos. Struct. 2017, 176, 

1096–1106. 

96. Minafò, G.; La Mendola, L. Experimental investigation on the effect of mortar grade on the compressive behaviour of FRCM 

confined masonry columns. Compos. Part B Eng. 2018, 146, 1–12. 

97. Koutas, L.N.; Bournas, D.A. Out-of-plane strengthening of masonry-infilled RC frames with textile-reinforced mortar jackets. J. 

Compos. Constr. 2019, 23, 04018079. 

98. Sabau, C.; Popescu, C.; Sas, G.; Blanksvärd, T.; Täljsten, B. Axially loaded RC walls with cutout openings strengthened with 

FRCM composites. J. Compos. Constr. 2018, 22, 04018046. 

99. Sakr, M.A.; Elkhoreby, S.R.; Khalifa, T.; Badawy, A. Numerical modeling of masonry-infilled RC frames retorofited with 

engineered cementitious composites, Hurghada, Egypt, 27-30 March 2017. In Proceedings of the International Conference on 

Advances in Structural and Geotechnical Engineering (ICASGE’17); pp. 1-12. 

100. Soltanzadeh, G.; Osman, H.B.; Vafaei, M.; Vahed, Y.K. Seismic retrofit of masonry wall infilled RC frames through external 

post-tensioning. Bull. Earthq. Eng. 2018, 16, 1487–1510. 

101. Sagar, S.L.; Singhal, V.; Rai, D.C. In-plane and out-of-plane behavior of masonry-infilled RC frames strengthened with fabric-

reinforced cementitious matrix. J. Compos. Constr. 2019, 23, 04018073. 

102. Koutas, L.; Bousias, S.; Triantafillou, T. Seismic strengthening of masonry-infilled RC frames with TRM: Experimental study. J. 

Compos. Constr. 2015, 19, 04014048. 

103. Kariou, F.; Triantafyllou, S.P.; Bournas, D.; Koutas, L. Out-of-plane response of masonry walls strengthened using textile-mortar 

system. Constr. Build. Mater. 2018, 165, 769–781. 

104. Padalu, P.K.V.R.; Singh, Y.; Das, S. Out-of-plane flexural behaviour of masonry wallettes strengthened using FRP composites 

and externally bonded grids: Comparative study. Compos. Part B Eng. 2019, 176, 107302. 

105. D'Ambra, C.; Lignola, G.P.; Prota, A.; Sacco, E.; Fabbrocino, F. Experimental performance of FRCM retrofit on out-of-plane 

behaviour of clay brick walls. Compos. Part B Eng. 2018, 148, 198–206. 

106. Facconi, L.; Minelli, F.; Giuriani, E. Response of infilled RC frames retrofitted with a cementitious fiber-mesh reinforced coating 

in moderate seismicity areas. Constr. Build. Mater. 2018, 160, 574–587. 

107. Papanicolaou, C.G.; Triantafillou, T.C.; Papathanasiou, M.; Karlos, K. Textile reinforced mortar (TRM) versus FRP as 

strengthening material of URM walls: Out-of-plane cyclic loading. Mater. Struct. 2008, 41, 143–157. 

108. Koutas, L.; Pitytzogia, A.; Triantafillou, T.; Bousias, S. Strengthening of infilled reinforced concrete frames with TRM: Study on 

the development and testing of textile-based anchors. J. Compos. Constr. 2014, 18, A4013015. 

109. Padalu, P.; Singh, Y.; Das, S. Efficacy of basalt fibre reinforced cement mortar composite for out-of-plane strengthening of 

unreinforced masonry. Constr. Build. Mater. 2018, 191, 1172–1190. 

110. Schladitz, F.; Frenzel, M.; Ehlig, D.; Curbach, M. Bending load capacity of reinforced concrete slabs strengthened with textile 

reinforced concrete. Eng. Struct. 2012, 40, 317–326. 

111. Abbas, H.; Almusallam, T.; Al-Salloum, Y.; Siddiqui, N.; Abadel, A. TRM Versus FRP as Strengthening Material for Improving 

Impact Resistance of RC Slabs. In Proceedings of the International Conference on Offshore Mechanics and Arctic Engineering, 

Busan, Korea, 19–24 June 2016; p. V009T012A024. 

112. Aljazaeri, Z.R.; Myers, J.J. Flexure performance of RC one-way slabs strengthened with composite materials. J. Mater. Civ. Eng. 

2018, 30, 04018120. 

113. Gao, W.-Y.; Hu, K.-X.; Dai, J.-G.; Dong, K.; Yu, K.-Q.; Fang, L.-J. Repair of fire-damaged RC slabs with basalt fabric-reinforced 

shotcrete. Constr. Build. Mater. 2018, 185, 79–92. 



Buildings 2022, 12, 653 44 of 44 
 

114. Abbaszadeh, M.A.; Sharbatdar, M.K.; Kheyroddin, A. Performance of two-way RC slabs retrofitted by different configurations 

of high performance fibre reinforced cementitous composite strips. Open Civ. Eng. J. 2017, 11. 

https://doi.org/10.2174/1874149501711010650. 

115. Kim, H.-Y.; You, Y.-J.; Ryu, G.-S. Reinforced Concrete Slabs Strengthened with Carbon Textile Grid and Cementitious Grout. 

Materials 2021, 14, 5046. 

116. Loreto, G.; Leardini, L.; Arboleda, D.; Nanni, A. Performance of RC slab-type elements strengthened with fabric-reinforced 

cementitious-matrix composites. J. Compos. Constr. 2014, 18, A4013003. 

117. Koutas, L.N.; Bournas, D.A. Flexural strengthening of two-way RC slabs with textile-reinforced mortar: Experimental 

investigation and design equations. J. Compos. Constr. 2017, 21, 04016065. 

118. Alecci, V.; Misseri, G.; Rovero, L.; Stipo, G.; De Stefano, M.; Feo, L.; Luciano, R. Experimental investigation on masonry arches 

strengthened with PBO-FRCM composite. Compos. Part B Eng. 2016, 100, 228–239. 

119. Witzany, J.; Pirner, M.; Zigler, R.; Urushadze, S. Experimental research into the response of segmental barrel vaults to repetitive 

static and dynamic loads. Eng. Struct. 2020, 208, 110342. 

120. Bayraktar, A.; Türker, T.; Altunişik, A.C. Experimental frequencies and damping ratios for historical masonry arch bridges. 

Constr. Build. Mater. 2015, 75, 234–241. 

121. De Santis, S.; de Felice, G.; Roscini, F. Retrofitting of masonry vaults by basalt textile-reinforced mortar overlays. Int. J. Archit. 

Herit. 2019, 13, 1061–1077. 

122. Castori, G.; Borri, A.; Corradi, M. Behavior of thin masonry arches repaired using composite materials. Compos. Part B Eng. 2016, 

87, 311–321. 

123. Hamed, E.; Chang, Z.-T.; Rabinovitch, O. Strengthening of reinforced concrete arches with externally bonded composite 

materials: Testing and analysis. J. Compos. Constr. 2015, 19, 04014031. 

124. Kouris, L.A.S.; Triantafillou, T.C. State-of-the-art on strengthening of masonry structures with textile reinforced mortar (TRM). 

Constr. Build. Mater. 2018, 188, 1221–1233. 

125. Castori, G.; Borri, A.; Ebaugh, S.; Casadei, P. Strengthening masonry arches with composites. In Proceedings of the Third 

International Conference on FRP Composites in Civil Engineering (CICE 2006), Miami, FL, USA, 13–15 December 2006. 

126. Zampieri, P.; Simoncello, N.; Tetougueni, C.D.; Pellegrino, C. A review of methods for strengthening of masonry arches with 

composite materials. Eng. Struct. 2018, 171, 154–169. 

127. Misseri, G.; Rovero, L.; Stipo, G.; Barducci, S.; Alecci, V.; De Stefano, M. Experimental and analytical investigations on 

sustainable and innovative strengthening systems for masonry arches. Compos. Struct. 2019, 210, 526–537. 

128. Bertolesi, E.; Milani, G.; Carozzi, F.G.; Poggi, C. Ancient masonry arches and vaults strengthened with TRM, SRG and FRP 

composites: Numerical analyses. Compos. Struct. 2018, 187, 385–402. 

129. Incerti, A.; Santandrea, M.; Carloni, C.; Mazzotti, C. Destructive in situ tests on masonry arches strengthened with FRCM 

composite materials. Key Eng. Mater. 2017, 747, 567–573. 

130. Carozzi, F.G.; Poggi, C.; Bertolesi, E.; Milani, G. Ancient masonry arches and vaults strengthened with TRM, SRG and FRP 

composites: Experimental evaluation. Compos. Struct. 2018, 187, 466–480. 


