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Abstract 13 

The out-of-plane response of masonry walls strengthened with textile-reinforced mortar 14 

(TRM) is experimentally investigated in this work. Medium-scale three-point bending tests 15 

were carried out on 18 specimens comprising a set of 9 single-wythe and 9 double-wythe 16 

brick masonry walls. Key investigated parameters involved the textile reinforcement ratio, 17 

the textile material, the coating of the textile reinforcement with epoxy resin, and the wall 18 

thickness. Experimental results suggest that TRM significantly increase the load bearing 19 

capacity of masonry walls. The amount of reinforcement utilised affects both the strength and 20 

deformation characteristics of the corresponding specimens, while it may alter the failure 21 

mode. Resin coating on the textile is found to be beneficial for the performance of the TRM 22 

overlays.  23 

Keywords: Textile Reinforced Mortars, masonry, coated textiles 24 

1 Introduction 25 

Unreinforced masonry is among the oldest construction systems worldwide. Masonry 26 

structures currently comprise a significant percentage of the existing building stock. Recent 27 

catastrophic events such as the earthquakes in L’Aquila (2009), Tohoku, Japan (2011), 28 

Christchurch (2011), Northern Italy (2012), and Central Italy (2016-2017) have tragically 29 

pointed out the need for restoration and strengthening of existing masonry structures. 30 

Structural strengthening interventions have been repeatedly documented as an effective 31 

method to not only preserve masonry structures but also to protect human lives, [see, e.g., 1, 32 

2]. Masonry structures are also prone to ageing related structural deterioration, accelerated by 33 

the effect of adverse environmental actions, e.g., high speed winds and heavy rainfalls. 34 

Typical examples of partial collapse due to ageing include the Magdeen Tower [3] and the 35 

Feltham bridge [4] events. With the objective of mitigating such issues and also increase the 36 

durability and resilience of existing structures structural rehabilitation and strengthening 37 

techniques are employed. Structural strengthening further enables existing structure to 38 

operate under increased operational loads driven by current societal needs. Requirements for 39 

sustaining accidental events such as blast and impact, further necessitate upgrading of 40 

existing structures [5]. 41 
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Due to the generic brittle response of unreinforced masonry (URM), improved structural 1 

resilience can be achieved by increasing both the strength and the ductility of the structure, 2 

thus introducing additional defence mechanisms [6-8]. To this point, several retrofitting 3 

strategies have been introduced and implemented to improve the resilience of masonry 4 

structures, e.g., grouting, post-tensioning, concrete jacketing and Fibre Reinforced Polymer 5 

(FRP) composites amongst many [9]. Several researchers have examined the performance of 6 

FRP strengthened masonry structures [see, e.g., 10-17].  7 

Despite their well-documented advantages (i.e. high strength and stiffness to weight ratio, 8 

corrosion resistance, ease and speed of application), the FRP strengthening technique entails 9 

several drawbacks, i.e., poor behaviour at moderate to high temperatures, combustibility, 10 

high costs, and safety-hazards for the manual workers. These are related to the properties of 11 

the organic resins used to impregnate the fibres as for example these have been reported to 12 

deteriorate for temperatures below or close to their glass transition temperature (usually in the 13 

range of 50-1200C), see, e.g., [55, 56]. Epoxy-resins furthermore decompose thermally, 14 

releasing heat, smoke, soot and toxic/ combustible volatiles for temperature between 300-400 15 
0C. Compared to wet lay-up epoxy-resin applications, TRM strengthening costs are lower due 16 

to the low-cost cement mortars utilized. Another disadvantage of FRP is that they are usually 17 

manufactured and applied in strips. This effectively results in regions of increased strength 18 

and stiffness within the retrofitted structure. In the case of brittle URM structures, this results 19 

in stress concentrations in the unreinforced regions that accelerate damage rather than 20 

mitigating it [18]. Bati and Rovero [19] demonstrated that when the distance between the 21 

FRP strips applied at the extrados is reduced, the resulting ultimate displacements increase, 22 

thus resulting in an overall increase of the pseudo-ductility of the virgin masonry wall. The 23 

advantages of global rather than stripped strengthening solutions for the case of masonry 24 

have been further examined and substantiated in the literature, see, e.g., [20, 58]. 25 

In view of the aforementioned, an innovative mineral-based composite material, i.e., textile-26 

reinforced mortar (TRM), has been proposed for structural retrofitting, addressing also cost 27 

effectiveness and durability issues. TRM comprises layers of textiles made of e.g. high-28 

strength carbon, glass or basalt fibres impregnated within inorganic matrices, such as cement-29 

based mortars. The acronym ‘FRCM’ is also used in the literature for the same material ([53], 30 

[59], [60], [61]). The textiles typically consist of fibre rovings in at least two orthogonal 31 

directions, thus creating an open-mesh geometry. Due to the use of mineral-based mortars 32 

TRM offers resistance at temperatures of up to 250 0C [21, 62] or even 4000C [63], 33 

compatibility with concrete and masonry substrates [22], ability to be applied on wet surfaces 34 

and low temperatures, and air permeability.  35 

 36 

TRM has been used as a strengthening and seismic retrofitting material for reinforced 37 

concrete, see, e.g., [21]. A number of experimental studies have been performed to 38 

investigate the in-plane response of TRM strengthened masonry walls, see, e.g., [23-32]. 39 

Prota et al. [25] studied the in-plane response of tuff masonry panels strengthened with 40 

cementitious grid system. Papanicolaou et al. [26] tested TRM strengthened hole clay-brick 41 

masonry walls under cyclic in-plane loading and Bernat et al. [28] examined the in-plane 42 

compressive eccentric load of solid clay brick masonry walls. Increase of strength and 43 

deformability was achieved after applying the composite material in each strengthening 44 

configuration. In addition, bond between the TRM material and masonry was investigated by 45 

Faella et al. [33], D’Ambrisi et al. [34], and De Felice et al. [49]. The effectiveness of TRM, 46 

was also investigated in few experimental studies reported for strengthened masonry arches at 47 
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the extrados of the arch with the TRM composite material [35, 36, 50]. Analytical models 1 

have also been developed to further highlight the mechanical response of TRM strengthened 2 

systems, see, e.g., [37, 38].  3 

Previous experimental studies on the out-of-plane behaviour of masonry walls highlighted the 4 

substantial gain in strength and deformability due to TRM strengthening. In particular, 5 

Kolsch [39] examined the performance of masonry walls strengthened with three layers of a 6 

unidirectional carbon fabric under cyclic loading. The author demonstrated that such an 7 

approach prevents the partial or complete collapse of the strengthened structure. 8 

Papanicolaou et al. [40] further investigated the influence of the number of carbon fibre 9 

textile layers, namely 1 and 2, on the cyclic response of masonry walls strengthened with 10 

TRM. It was observed that such a configuration resulted in a shear-flexure failure mode 11 

followed by debonding at the brick-bed joint interface. Increasing the number of layers has 12 

been found to result in a 25% increase of the maximum load. Furthermore, Papanicolaou et 13 

al. [23] demonstrated the superior performance of coated textile TRM systems by 14 

investigating the out-of-plane cyclic performance of masonry walls strengthened with one 15 

layer of coated glass, basalt, and coated basalt TRM. Both coated glass and coated basalt 16 

specimens demonstrated superior performance by avoiding textile slipping that was the 17 

predominant mode of failure in the non-coated basalt specimens. 18 

Harajli et al. [41] studied the out-of-plane response of masonry walls strengthened with a 19 

single layer of coated glass and coated/ uncoated basalt textile TRM under both monotonic 20 

and cyclic loading. The coated glass textile TRM demonstrated improved performance in 21 

terms of load capacity due to the resulting uniform strain distribution. Conversely, in the 22 

uncoated basalt fibre textile a single predominant crack was formed leading to the local 23 

fracture of the textile. The advantages of utilizing coated textile fibres have also been 24 

highlighted in Donnini et al. [51]. In the experimental work undertaken by Tetta et al. [42] in 25 

TRM strengthening of reinforced concrete beams, it had been demonstrated that increasing 26 

the number of textile layers significantly improves the textile performance by activating a 27 

larger ratio of their corresponding tensile strength. In the present study this strategy is further 28 

enhanced and applied for the out-of-plane strengthening of masonry walls. 29 

Babaeidarabad et al. [43] further examined the out-of-plane cyclic loading on masonry walls 30 

strengthened with one and four layers of carbon textile TRM. The authors demonstrated that 31 

for lower reinforcement ratios the dominant failure mode was textile rupture, whereas for 32 

high reinforcement ratios shear failure preceded flexural failure. Valluzzi et al. [44] also 33 

reported that their strengthening configuration utilizing basalt TRM composite resulted in 34 

shear failure mode of the examined masonry walls, whereas tensile fibre rupture was 35 

observed in the case of glass textile TRM strengthening. Very recently, Martins et al. [45] 36 

proposed an innovative textile configuration comprising either carbon or glass braided 37 

composited rods (BCR). The authors demonstrated that such an approach resulted in pure 38 

flexure failure mode of the glass BCR and a combined shear-flexure failure mode for the 39 

carbon BCR composite material. 40 

This paper investigates for the first time in a systematic way the effect of a series of 41 

parameters on the out-of-plane response of masonry walls. In terms of textile reinforcement, 42 

both the textile material and the number of textile layers are considered as experimental 43 

parameters. Within this setting, a systematic study on the comparative effectiveness of glass, 44 

coated basalt and in addition carbon textile reinforcement is undertaken on the basis of 45 

utilizing textile layers of equivalent elastic stiffness. More specifically, the influence of 3 and 46 
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7 layers of glass and coated basalt TRM material is examined and their response is directly 1 

compared to the 1 layer of carbon fibre TRM case. To the authors’ knowledge such a 2 

comparative study has not been performed. Furthermore, the effect of the resin coating on 3 

carbon and glass strengthened specimens is investigated. The behaviour of resin coated 4 

carbon textile has not been examined in the literature. Finally, both single and double-wythe 5 

walls are examined. 6 

This work is organized as follows. In Section 2, the experimental program is thoroughly 7 

described and the properties of the materials used are presented. Next, the experimental 8 

results are presented in Section 3. Discussion of the experimental results is provided in 9 

Section 4, and the conclusions drawn are summarised in Section 5. 10 

2 Experimental Program 11 

2.1 Test specimens and investigated parameters 12 

The main aim of this experimental investigation was to examine the performance of brick 13 

masonry walletes strengthened with TRM composite material when subjected to out-of-plane 14 

bending. The investigation was carried out in two sets of single and double-wythe walls. 15 

Eighteen masonry brick walls in total were constructed (nine single and nine double-wythe) 16 

with dimensions of 1340 x 440 x 102.5 mm, in a running bond pattern. Medium-scale 17 

specimens were built as these are more representative of real walls; this further adds 18 

confidence to the test outcomes (i.e. failure modes etc.), [see also 23, 44, 45]. A general 19 

purpose masonry cement mortar of approximately 10 mm thickness was used for both the bed 20 

and head joints. 21 

The key investigated parameters of this study were: (a) the number of TRM layers, (b) the 22 

textile-fibre material, namely carbon, glass and coated basalt (c) the epoxy-resin coating, and 23 

(d) the wall thickness (single and double-wythe). Two specimens built to serve as control 24 

specimens, one for single (S_CON) and one for double-wythe walls (D_CON), respectively. 25 

The remaining 16 specimens were strengthened at the tensile wall face with the objective of 26 

improving their out-of-plane flexural performance. A single TRM layer was considered for 27 

the case of carbon-fibre textiles, whereas 3 and 7 layers were examined for the case of both 28 

glass-fibre and coated basalt-fibre textiles. 29 

The wall specimens with their corresponding parameters are shown in Table 1. The 30 

strengthening configuration is shown in Fig. 1a while the actual test setup is shown in Fig. 31 

1b. The notation considered for the strengthened specimens is W_XN, where W denotes the 32 

single or double-wythe walls (S for single and D for double-wythe wall), X denotes the type 33 

of the textile (C for carbon, G for glass and B for coated basalt) and N denotes the number of 34 

layers (1, 3 and 7). The suffix Co denotes textiles coating with epoxy resin. 35 

2.2 Materials  36 

Solid clay bricks were used with UK typical nominal dimensions of 215 x 102.5 x 65 mm. 37 

The clay brick compressive strength was obtained from compression tests applied on the bed 38 

and stretcher faces with dimensions 215 x 102.5 mm and 215 x 65 mm, respectively per BS 39 

EN 772-1 (2011) [57]. Its corresponding mean value was 21.2 MPa. A 1:4 cement to sand 40 

mix was utilised for both head and bed joint mortar. The amount of water was defined 41 

through trial mixes, until the desired workability was achieved. In all cases, it was ensured 42 

that water to (cement + sand) ratio was constant and equal to 0.25. 43 
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Table 1 Wall Specimens 1 

Specimen Wythe TRM 

material 

Number of TRM Layers TRM 

thickness 

[mm] 

Coating 

S_CON Single  Unstrengthened Control 

Specimen 

  

D_CON Double  Unstrengthened Control 

Specimen 

  

S_C1 Single Carbon 1 3 No 

S_C1_(Co) Single Carbon 1 5 Yes 

S_G3 Single Glass 3 4 No 

S_G3_(Co) Single Glass 3 7 Yes 

S_G7 Single Glass 7 8 No 

S_G7_(Co) Single Glass 7 9 Yes 

S_B3 Single Coated basalt 3 9 No 

S_B7 Single Coated basalt 7 13 No 

D_C1 Double Carbon 1 3 No 

D_C1_(Co) Double Carbon 1 5 Yes 

D_G3 Double Glass 3 4 No 

D_G3_(Co) Double Glass 3 7 Yes 

D_G7 Double Glass 7 8 No 

D_G7_(Co) Double Glass 7 9 Yes 

D_B3 Double Coated basalt 3 9 No 

D_B7 Double Coated basalt 7 13 No 

 2 

For each individual wall specimen, the flexural and compressive strength of both the joint 3 

and strengthening mortar was identified by conducting a series of three-point bending and 4 

compressive strength experiments on 40 x 40 x 160 mm prisms per the EN 1015-11 (1993) 5 

specifications [46]. Three prisms were tested in three-point bending, whereas the compressive 6 

strength was established through uniaxial compression tests on the ruptured parts of the 7 

flexural test prisms. The bearing surface of the latter was 40 x 40 mm. The mean values of 8 

the corresponding quantities together with their standard deviation and the coefficient of 9 

Variation for the case of single and double-wythe walls are summarized in Table 2. The 10 

casting mortar demonstrates higher variability in its corresponding compressive and tensile 11 

strength than the strengthening mortar. It should be highlighted that such variability does not 12 

significantly affect the results in terms of the reported failure modes. 13 

The compressive strength of the masonry was determined in a direction perpendicular to the 14 

bed joints according to the EN 1052-1 (1998) [54]. Three compressive tests on masonry 15 

assemblages of dimensions 450x450x65 mm (length x height x width) were conducted. Two 16 

potentiometers were placed halfway on both sides at a gauge length of 250 mm, to record the 17 

deformation of the wall. Tests were conducted after 28 days of their construction. The mean 18 

value of the compressive strength obtained from the experimental data was 9.7 MPa. The 19 

secant elastic modulus was determined accordingly at 0 to 30% of the maximum stress to be 20 

equal to 2.5 GPa. 21 

Three different materials were used, namely the carbon-fibre textile (either uncoated or 22 

coated with epoxy resin), the glass-fibre textile (uncoated or coated with epoxy resin) and the 23 

coated basalt-fibre textile. The different textile configurations are shown in Fig. 2. The 24 
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material properties of the textile materials considered, as provided in the manufacturer 1 

datasheets are presented in Table 3. Tensile stress and Young’s modulus correspond to fibres, 2 

whereas weight and nominal thickness to the textile. In particular, nominal thickness was 3 

estimated based on the equivalent smeared distribution of fibres. 4 

The coated basalt fibre-textile employed in this study is a commercial product fabricated with 5 

a bituminous binder of 10% content. The coated carbon and glass fibre textiles were 6 

impregnated in a commercial epoxy adhesive (two-part epoxy resin with a mixing ratio 2:1 7 

by weight). The epoxy resin elastic modulus was 1.8 GPa and the tensile strength was 37 8 

MPa (according to the manufacturer datasheets). The impregnation of the dry glass and 9 

carbon fibre-textile was performed using a plastic roll and then left to cure for two days 10 

before strengthening application. The holes of the mesh remained opened after the coating 11 

procedure. The average amount of the epoxy resin used for the impregnation was 180 g/m2. 12 

As shown in Table 1, five strengthening configurations were investigated in this experimental 13 

program, i.e., 1 layer of carbon-fibre textile (uncoated and coated), 3 and 7 layers of glass-14 

fibre textile (uncoated and coated) and 3 and 7 layers of coated basalt-fibre textile, for both 15 

single and double walls. The number of 7 glass-fibre layers has been chosen on the basis of 16 

the axial stiffness similarity principle also utilised in [47]. The 7-layer glass and basalt fibre 17 

to single layer carbon axial stiffness ratio is readily derived from the following expression 18 
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  19 

where 
,l gn  is the number of glass fibre TRM layers, 

gt  is the nominal thickness of the glass 20 

textile, 
,f gE  is the elastic modulus of the glass fibres, ,l cn  is the number of carbon fibre TRM 21 

layers, ct  is the carbon textile thickness and 
,f cE  is the carbon modulus of elasticity. In case 22 

of coated basalt fibre textile the corresponding ratio is equal to 1.06. Thus, a direct 23 

comparison of the strengthening performance of the three materials utilised can be achieved 24 

as discussed in Section 4. 25 

The cement-based mortar used during the TRM composite system application, between the 26 

textile and the masonry substrate, was an inorganic dry binder comprising cement and 27 

polymers at a ratio 8:1 by weight. Strength properties of this mortar were obtained by similar 28 

procedure, followed for the mortar used for the brick walls construction. The mean values of 29 

flexural and compressive strength on the day of testing were 8.9 MPa and 39.7 MPa, 30 

respectively. The water to cementitious material ratio adopted was 0.23 by weight. 31 

Compatibility between the mortar matrix material and the textile fibre reinforcement has been 32 

investigated and the advantages of using appropriate mortar mixes for different textile fibre 33 

materials have been documented, see, e.g., [28], [41]. In this work, the same mortar was 34 

employed for all specimens with the objective of providing a comparable basis with respect 35 

to the investigated parameters of interest, i.e., the effect of the textile material, the number of 36 

TRM layers, the epoxy resin coating of the textile, and the wall thickness. 37 

 38 
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(a) 

 

(b) 

Fig. 1 Experimental setup; (a) plan view and elevation (all dimensions in mm) (b) actual 1 

setup 2 
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Table 2 Casting and strengthening mortar  1 

 
Specimens Casting mortar Strengthening mortar 

 
  

Compressive 

Strength  

Tensile 

Strength  

Compressive 

Strength 

Tensile 

Strength 

  [MPa] [MPa] [MPa] [MPa] 

S
in

g
le

 W
y
th

e 

S_CON 8.09 2.06 - - 

S_C1 6.54 1.99 38.36 10.19 

S_C1_(Co) 8.86 2.26 37.30 8.20 

S_G3 6.54 1.99 38.36 10.19 

S_G3_(Co) 8.86 2.26 37.25 7.98 

S_G7 7.73 1.99 37.39 8.70 

S_G7_(Co) 10.30 2.36 39.69 8.88 

S_B3 7.73 1.99 37.39 8.70 

S_B7 8.09 2.06 37.30 8.20 

Mean value 
7.4 

(2.3*/0.31**) 

1.9 

(0.5*/0.26**) 

37.9 

(0.9*/0.02**) 

8.9 

(0.9*/0.10**) 

D
o
u
b
le

 W
y
th

e 

D_CON 9.35 3.38   

D_C1 6.59 1.95 37.39 8.70 

D_C1_(Co) 6.90 2.21 41.49 8.22 

D_G3 6.68 2.40 46.58 11.05 

D_G7 6.68 2.40 46.58 11.05 

D_G3_(Co) 9.35 3.38 41.49 8.22 

D_G7_(Co) 8.29 2.41 37.30 8.20 

D_B3 6.90 2.21 41.49 8.22 

D_B7 6.90 2.21 40.43 8.34 

Mean value 
7.5 

(1.2*/0.16**) 

2.5 

(0.5*/0.20**) 

41.6 

(3.5*/0.08**) 

9.0 

(1.3*/0.14**) 
 *Standard deviation, ** Coefficient of variation 
  

   
(a) Carbon (b) Glass (c) Coated Basalt 

Fig. 2 Textiles used in this study 2 

 3 

 4 
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2.3 Strengthening procedure 1 

The TRM application procedure involved the following steps: 2 

1. Air pressure was used to remove dust from the masonry wall surfaces to be strengthened 3 

with the TRM composite. 4 

2. The wall was slightly dampened and a first layer of mortar was applied at the whole 5 

surface of the wall (Fig. 3a). 6 

3. The first textile layer was applied and impregnated into the previously applied mortar 7 

layer using hand pressure (Fig. 3b). It is noted that in all specimens, the textile covered the 8 

entire brick wall surface to be subjected in tension.  9 

4. Application of a final layer of mortar to completely cover the textile. For multiple 10 

strengthening layers the procedure of alternate textile and mortar layer was repeated. The 11 

procedure was completed while the mortar was fresh to achieve optimum adhesion of the 12 

TRM layers. The final strengthened configuration is presented in Fig. 3c. 13 

Table 3 Textile material properties 14 

Material Weight Thickness 

(Nominal) 

Tensile Strength Young’s 

modulus 

Axial Stiffness for a 

Single Layer 

[/] [g/m2] [mm] [MPa] [GPa] [N/mm]* 

Heavy Carbon 348 0.097 3800 225 21.83 

Glass 220 0.044 1400 74 3.26 

Coated basalt 220 0.037 1351 89 3.30 

* calculated as the nominal thickness to Young’s modulus product  

 15 

 
 

 
 

 
 

(a) (b) (c) 

Fig. 3 (a) Dampening of the wall (b) application of glass textile layer into the mortar (c) 16 

application of the final layer of mortar 17 

In actual infill applications, it is recommended to leave some margins around the 18 

strengthened surface to prevent stress concentrations, see, e.g. [49]. In this experimental 19 
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work, such a provision was not made as no stress concentrations were expected at the free 1 

boundaries of the specimen. 2 

2.4 Experimental setup and procedure 3 

A three-point-bending loading configuration was adopted for the out-of-plane tests of the 4 

masonry walls, resulting in an effective span of 1125 mm, as shown in Fig. 1a. The supports 5 

were spaced 107.5 mm from the ends of the masonry wall. The test setup consisted of a stiff 6 

steel reaction frame fastened with a vertically positioned actuator as shown in Fig. 1b. A 100 7 

kN capacity servo-hydraulic actuator, used for the load application at a displacement rate 8 

equal to 0.017 mm/s (i.e., 1mm/ min). Two potentiometers were used to measure the out-of-9 

plane displacement at mid-span. The transducers were placed at a distance of 50 mm from 10 

each side of the wall, as shown in Fig. 1a. Data was collected at a frequency of 4 Hz, 11 

synchronised and recorded using a fully-computerized data acquisition system. 12 

3 Experimental results 13 

The load versus out-of-plane deflection curves for all tests are presented in Fig. 4a for the 14 

case of single-wythe walls and in Fig. 4b for the case of double-wythe walls respectively. The 15 

identified key parameters of the experimental results, i.e., the maximum load Pmax, the 16 

midspan deflection at maximum load, the ultimate load, the midspan deflection at the 17 

ultimate load, the ratio of the maximum load to that of the control specimen, and the observed 18 

failure modes are summarised in Table 4. The corresponding failure modes are shown in Fig. 19 

6 and Fig. 7 for single- and double-wythe specimens respectively. The ultimate load defined 20 

as Pult = max(0.8Pmax, final load). Experimental results are further grouped in terms of 21 

investigated parameters in Fig. 5 to facilitate discussion in terms of the behaviour observed. 22 

 

 

(a) (b) 

Fig. 4 Experimental load-displacement response curves for (a) single-wythe walls, and (b) 23 

double-wythe walls 24 

3.1 Single-wythe walls 25 

The control specimen failed under the action of its own weight during placement on the test-26 

setup. The nominal strength of the wall, as evaluated from BS EN (1996) [48], is used herein 27 

for the sake of comparison; the out-of-plane bending strength fxk1=0.26 MPa has been derived 28 

based on the strength of D_CON and agrees well with the suggested values provided in BS 29 

EN (1996) [48]. All strengthened specimens demonstrated significantly increased maximum 30 
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and ultimate loads as compared to the control specimen. Out of the strengthened specimens, 1 

S_G3 demonstrated the lowest value of all recorded maximum load (Pmax=14.3 kN) whereas 2 

the highest value was recorded for specimen S_B7 (Pmax= 44.5 kN). 3 

The failure mode observed in the strengthened specimens varied, depending on the textile 4 

material used, the presence of coating or not and the number of applied layers. The observed 5 

failure modes comprised textile rupture (S_C1_(Co), S_G3, S_G3_(Co), S_G7, S_B3), 6 

slippage of the textile fibres through the mortar (S_C1), and shear failure of the masonry wall 7 

(S_G7_(Co), S_B7) as shown in Table 4. Failure modes of all single-wythe specimens are 8 

shown in Fig. 6. 9 

Mid-span displacements at the maximum load were also substantially increased in all 10 

strengthened specimens as compared to the control specimen. The lowest value of mid-span 11 

displacement at maximum load was recorded for S_G3 (dmax= 12.1 mm) whereas the highest 12 

recorded value was for S_G7_(Co) (dmax= 54.3 mm). Specimens S_G7_(Co) and S_B7 that 13 

failed in shear demonstrated a highly pseudo-ductile behaviour (Fig. 4a). 14 

3.2 Double-wythe walls 15 

The control specimen D_CON failed in flexure in an abrupt and brittle fashion. The 16 

maximum load and corresponding displacement was 3.1 kN and 1 mm, respectively. As in 17 

the case of the single wythe specimens, strengthened double wythe specimens demonstrated a 18 

significantly improved response with respect to their maximum attained loads and 19 

corresponding deflections. As shown in Table 4, specimens D_G7, D_G7_(Co), and D_B7 20 

demonstrated the highest increase in maximum attained load which was on average 21 times 21 

the maximum load of D_CON. 22 

The observed failure loads were textile rupture (D_C1, D_G3), diagonal tension (D_B7), 23 

shear flexure followed by TRM debonding (D_G3_(Co), D_G7_(Co)), shear-flexure 24 

followed by textile rupture (D_G7), and shear-flexure followed by brick sliding and partial 25 

textile rupture (D_C1_(Co), D_B3). Failure modes of all single-wythe specimens are shown 26 

in Fig. 7. 27 

  
(a) Single-wythe walls: three vs seven 

textile layers 

(b) Double-wythe walls: three vs seven 

textile layers 
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(c) Single-wythe walls: three layers of 

textile 

(d) Double-wythe walls: three layers of 

textile 

 

 

(e) Single-wythe walls: one layer of 

carbon fibre textile vs seven layers of 

glass and coated basalt textile 

(f) Double-wythe walls: one layer of 

carbon fibre textile vs seven layers of 

glass and coated basalt textile 

 

 

(g) Single-wythe walls: one layer of 

carbon coated fibre textile vs seven 

layers of glass coated and coated basalt 

textile 

(h) Double-wythe walls: one layer of 

carbon coated fibre textile vs seven 

layers of glass coated and coated basalt 

textile 

Fig. 5 Experimental load-displacement response curves grouped in terms of investigated 1 

parameters 2 
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(a) S_C1 (b) S_C1_(Co) 

 
 

(c) S_G3 (d) S_G3_(Co) 

 
 

(e) S_G7 (f) S_G7_(Co) 

 
 

(e) S_B3 (f) S_B7 

Fig. 6 Failure modes of single-wythe specimens 1 
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(a) D_CON 

 

 

(b) D_C1 (c) D_C1_(Co) 

  

(d) D_G3 (e) D_G3_(Co) 

  
(f) D_G7 (g) D_G7_(Co) 

  
(h) D_B3 (i) D_B7 

 1 

Fig. 7 Failure modes of double-wythe specimens 2 
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Table 4 Summary of experimental results 1 

 

  

Maximum 

load 

Pmax 

Midspan Deflection 

at maximum load 

dmax 

Ultimate 

load  

Pult 

Ultimate midspan 

deflection 

dult 

Pmax/Pcon Failure mode 

 
 [kN] [mm] [kN] [mm]   

S
in

g
le

 w
y
th

e 
sp

ec
im

en
s 

S_CON 0.7*    1.0 Failed under its own weight 

S_C1 23.4 15.2 18.8 15.6 33.4 
Slippage between textile 

fibres-mortar 

S_C1_(Co) 35.3 20.1 32.4 20.8 50.4 Textile rupture 

S_G3 14.3 12.1 14.1 12.2 20.4 Textile rupture 

S_G3_(Co) 25.8 29.3  20.6  30.0 36.9 Textile rupture 

S_G7 30.6 14.5 28.0 14.7 43.7 Textile rupture 

S_G7_(Co) 42.5 54.3 35.0 55.0 60.7 Shear failure1  

S_B3 23.2 23.3  18.6  24.7 33.1 Textile rupture 

S_B7 44.5 29.3  35.6  32.1 63.6 Shear failure1  

D
o

u
b

le
 w

y
th

e
 s

p
ec

im
en

s 

D _CON 3.1 0.5  2.5  0.6 1.0 
 

D_C1 40.1 9.0 33.3 9.7 12.9 Textile rupture 

D_C1_(Co) 58.8 9.7  47.0  14.9 19.0 Shear-flexure4  

D_G3 32.0 5.7 31.3 5.8 10.3 Textile rupture 

D_G3_(Co) 40.4 18.9  32.3  28.8 13.0 Shear-flexure2  

D_G7 67.1 11.2 56.3 12.8 21.6  Shear-flexure3 

D_G7_(Co) 63.8 11.8  51.0  16.2 20.6 Shear-flexure2 

D_B3 43.1 14.6  34.5  16.7 13.9 Shear-flexure4 

D_B7 66.2 11.3  53.0  13.6 21.4 Shear failure1 

 1Diagonal 

tension 
2Shear-flexure followed by debonding of TRM 3Shear- flexure followed by textile rupture 

4Shear- flexure followed by brick sliding and partial textile 

rupture 
*Calculated from EC 6 based on the value of fxk1 derived from D_CON 
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4 Discussion 1 

4.1 The effect of wall thickness 2 

The evaluation of the results obtained is based on the various parameters investigated in this 3 

series of experiments. All specimens demonstrated a significant increase in the out-of-plane 4 

flexural capacity, compared to their corresponding control specimens. In Fig. 8a, b the 5 

strengthened to control specimen maximum load ratios versus the stiffness of the 6 

reinforcement layers are plotted for single- and double- wythe walls respectively. An 7 

estimated shear capacity normalised to the control specimen maximum load is also shown. 8 

Shear capacity was calculated per TMS 402–02 (MSJC 2002) as this provides an estimate 9 

more consistent to the experimental results than EC6. 10 

In coated single-wythe specimens, S_B7 demonstrated the highest ratio, i.e., 63.6 times the 11 

maximum load of the corresponding control specimen S_CON. The lowest ratio was 12 

recorded for specimen S_B3 and was equal to 33.1. Conversely, in uncoated specimens the 13 

highest increase was recorded for specimen S_G7, i.e., 43.7, whereas the lowest increase was 14 

recorded for specimen S_G3, i.e., 20.4. In double-wythe walls strengthened with uncoated 15 

textile fibre materials, the highest and lowest recorded ratios were 21.6 and 10.3 for 16 

specimens D_G7 and D_G3 respectively. For the case of coated textile fibre materials, the 17 

corresponding ratios were 21.4 for specimen D_B7 and 13 for specimen D_G3_(Co). 18 

Double-wythe walls demonstrated lower ratios when compared to their single-wythe 19 

counterparts. The increased thickness of the wall resulted in increased effective depths when 20 

compared to the single-wythe specimens thus leading to better utilization of the additional 21 

textile reinforcement. Hence, almost in all cases, the maximum load of the strengthened 22 

double-wythe specimens was bounded by the masonry shear capacity as shown by the 23 

corresponding failure modes reported in Table 4 and Fig. 8b where the shear capacity 24 

estimate is indeed close to the recorded experimental results. 25 

  

(a) (b) 

Fig. 8 Ratio of strengthened specimen maximum load to control specimen maximum load (a) 26 

single-wythe walls (b) double-wythe walls 27 

4.2 The effect of coating  28 

The effect of coating on the maximum load of the single-wythe specimens is highlighted in 29 

Fig. 8a. Specimens S_C1_(Co), S_G3_(Co), and S_G7_(Co) demonstrated increased values 30 
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of the maximum load by 51%, 81% and 39%, with respect to their corresponding non-coated 1 

counterparts, i.e., S_C1, S_G3, and S_G7, respectively.  2 

Specimen S_C1 failed due to slippage of the textile through the mortar contrary to the 3 

corresponding coated specimen S_C1_(Co) where failure occurred through tensile rupture of 4 

the textile. Although slippage did not occur for the case of the specimens retrofitted with 5 

three and seven uncoated glass-fibre textile layers, yet the contribution of the fibre textile in 6 

the coated case was significantly enhanced, as manifested by the overall increase in their 7 

corresponding maximum strength (see also Fig. 4a). This beneficious impact of coating is 8 

attributed to the improved mechanical interlocking conditions obtained through the enhanced 9 

stress transfer mechanism from the fibres to the cementitious matrix; this eventually improves 10 

the contribution of roving filaments at the time of failure [see also, 22, 23].  11 

With the exception of D_C1_(Co), coating had a reduced effect in double-wythe walls as 12 

shown in Fig. 8b. For specimens D_C1_(Co) and D_G3_(Co) the maximum load was 13 

increased by 47% and 26% when compared to D_C1 and D_G3 respectively. The maximum 14 

recorded load of D_G7_(Co) was 5% lower than D_G7. 15 

D_C1_(Co) demonstrated an increase in its maximum load that is comparable to the 51% 16 

increase recorded in the case of S_C1_(Co) versus S_C1. This could potentially mean, that 17 

full utilization of textile fibre strength was not achieved in D_C1 (which would increase its 18 

corresponding maximum load); although the failure mechanism of D_C1 was textile rupture, 19 

partial slippage must have occurred as in the case of S_C1. Thus, further tests are required in 20 

the future to examine and highlight this behaviour. In the case of D_G3_(Co) and 21 

D_G7_(Co) the maximum load was bounded by the shear capacity of the masonry. Hence, 22 

although the coating enhanced the properties of the corresponding TRM layers, full 23 

utilization of its tensile capacity was not feasible. 24 

 25 

Fig. 9 The effect of coating on the out-of-plane bearing capacity 26 

In terms of deformation capacity, coating enhanced the deformability of all specimens as the 27 

enhanced interlocking conditions mitigated textile slippage and allowed for better crack 28 

distribution along the length of the wall. Single-wythe walls specimens S_C1_(Co), 29 

S_G3_(Co), and S_G7_(Co) demonstrated a 32%, 142%, and 275% increase in their 30 

deflection at maximum load when compared to S_C1, S_G3, and S_G7, respectively. 31 

Specimens D_C1_(Co), D_G3_(Co), and D_G7_(Co) also demonstrated increased 32 
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displacements at maximum load, i.e., 8%, 232%, and 5% when compared to D_C1, D_G3, 1 

and D_G7, respectively. 2 

The marginal increase observed in the deformability of specimens D_C1_(Co) and 3 

D_G7_(Co) when compared to their uncoated counterparts is attributed to different reasons. 4 

In the case of 1 layer of carbon fibre textile TRM, coating improved bonding between the 5 

textile and the mortar matrix and resulted in a much stiffer configuration than D_C1. Indeed, 6 

the post-cracking stiffness of D_C1_(Co) is significantly larger than the corresponding 7 

stiffness of D_C1 (see also Fig. 4b); it should be highlighted that such pronounced increase is 8 

not observed in all other specimens. This further supports the hypothesis previously made 9 

that partial textile slippage occurred in D_C1. When 7 layers of glass fibre textile were used, 10 

both D_G7 and D_G7_(Co) failed in shear dominated modes; hence coating did not provide 11 

any significant advantage to an already over-reinforced specimen. 12 

4.3 The effect of number of layers 13 

Increasing the number of layers resulted in a significant increase in the load bearing-capacity 14 

of both single and double-wythe walls as demonstrated in Fig. 10. Single-wythe walls 15 

specimens strengthened with 7 layers of TRM, i.e., S_G7, S_G7_(Co) and S_B7 16 

demonstrated an increase in their corresponding maximum loads of 114.0%, 65% and 92%, 17 

respectively when compared to the specimens strengthened with three layers of TRM, i.e., 18 

S_G3, S_G3_(Co), S_B3. The corresponding load-deflection paths are shown in Fig. 5a. 19 

Furthermore, in double-wythe walls specimens, i.e., D_G7, D_G7_(Co), D_B7 the maximum 20 

load increased by 110%, 58%, 54%, respectively, compared to the specimens strengthened 21 

with three layers of TRM composite, i.e., D_G3, D_G3_(Co), and D_B3; see also Fig. 5b. 22 

The maximum load was increased proportionally to the additional reinforcement when 23 

uncoated glass textile was utilised. Since textile rupture finally occurred in single and double-24 

wythe walls (after shear failure initiation) the maximum tensile strength of the fibre-textile 25 

was attained. This was not the case when coated textiles were used where shear/ shear-flexure 26 

failure of the wall preceded the flexural strength of the fibre textile and complete utilisation 27 

of the fibre textile material did not occur. However, even in those cases where increasing the 28 

number of layers did not alter the failure mode, the increase in maximum load has been 29 

substantial, as shown in Fig. 8a and b. This highlights the fact that adding reinforcement 30 

layers enhances bonding of the textile fibre reinforcement within the matrix thus minimizing 31 

roving slippage hence increasing the textile reinforcement effective strength. 32 

In terms of deformability, single-wythe specimens S_G7, S_G7_(Co), and S_B7 33 

demonstrated increased deflection at maximum load, namely 20%, 85%, and 26%, compared 34 

to S_G3, S_G3_(Co), and S_B3 respectively as shown in Fig. 5a. The increase is more 35 

pronounced in the case where the specimen response was governed by a drastic shift from a 36 

bending to a shear dominated failure mode which is also consistent with the recorded increase 37 

in the corresponding maximum loads.  38 

This response however was not confirmed in the case of stiff double-wythe configurations. 39 

The deformability of D_G7 was increased by 97% compared to D_G3 (Fig. 5b); this again is 40 

consistent with the shift in the failure mode. On the contrary, displacement at the maximum 41 

load for D_G7_(Co) and D_B7 was decreased by 38% and 23%, when compared to 42 

D_G3_(Co) and D_B3 respectively. These specimens failed in a shear dominated mode 43 

hence in terms of deformability, the additional TRM layers led to a stiffer configuration due 44 

to the increased axial stiffness of the strengthening layer. This is indeed verified by the initial 45 
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and post-cracking stiffness of specimens that is significantly increases in the case of 1 

D_G7_(Co) and D_B3 compared to D_G3_(Co) and D_B3 respectively as shown in Fig. 4b. 2 

 3 

Fig. 10 The effect of number of layers in the out-of-plane bearing capacity 4 

4.4 The effect of the textile material 5 

The effect of the textile material in the overall response of the TRM strengthened specimens 6 

is shown in Fig. 5e, g and Fig. 5f, h for single- and double-wythe walls, respectively. The 7 

maximum loads recorded for each specimen are summarized in Fig. 11 with respect also to 8 

the comparisons discussed in this Section.  9 

S_G3_(Co) achieved a 11% higher maximum load, in comparison to S_B3. Furthermore, 10 

S_B7 attained a 5% larger value of the maximum load as compared to S_G7_(Co). In double-11 

wythe walls, D_B7 and D_B3 reached a 4% and 7% higher maximum load, compared to 12 

D_G7_(Co) and D_G3_(Co), respectively. The similar response of coated glass and coated 13 

basalt specimens with respect to the attained maximum loads, also corroborated by the 14 

similar failure modes, highlights the effectiveness of the applied coating procedure for the 15 

case of the glass fibre textile.  16 

The maximum load of S_G7 was increased by 31% compared to S_C1. This increase is 17 

consistent with the different failure modes observed, i.e., textile rupture as opposed to textile 18 

slippage of the roving filaments through the mortar; this occurs even though the axial 19 

stiffness of 1 carbon fibre textile layer is equivalent to the axial stiffness of 7 glass fibre 20 

textile layers. Hence, this further highlights the enhanced interlocking mechanisms that the 21 

additional number of textile fibre layers benefit from. 22 

A similar trend is observed between S_G7_(Co) and S_C1_(Co) where the former failed at a 23 

maximum load 20% higher than the latter. Although S_G7_(Co) failed in shear (shear 24 

diagonal tension), S_C1_(Co) failed due to textile rupture; thus, even though the two 25 

specimens involve textile material of comparable axial stiffness, employing additional layers 26 

of coated glass gave rise to an over-reinforced specimen. This indicates that the single carbon 27 

textile composite layer has a lower tensile fracture capacity compared to the 7 layers of 28 

coated glass fibre textile composite highlighting now the enhanced interlocking mechanisms 29 

between the textile fibre composites themselves. 30 
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Double-wythe wall specimen D_G7 resulted in a 67% higher load than D_C1. Although the 1 

axial stiffness of the G7 and C1 TRM layers is equivalent, such a difference is manifested 2 

due to the lack of interlocking when a single uncoated layer of fibre-textile is used. DG_7 3 

failed in a shear-flexure failure mode whereas D_C1 failed due to textile rupture; 7 layers of 4 

glass fibre textile again resulted in an over-reinforced specimen as in the case of the single-5 

wythe specimens. The corresponding increase in the maximum load of D_G7_(Co) when 6 

compared to D_C1_(Co) was 9%. These specimens failed in a similar failure mode, i.e., shear 7 

- flexure failure followed by brick sliding and partial textile rupture or debonding of TRM 8 

respectively. Coating in this case dominated the mechanical response of the textile fibre 9 

material. 10 

 11 

Fig. 11 The effect of textile material in the out-of-plane bearing capacity of single and 12 

double-wythe walls 13 

In terms of deformation capacity, single-wythe specimens S_G3_(Co) and S_G7_(Co) 14 

resulted in 26% and 85% increased displacement at maximum load, compared to S_B3 and 15 

S_B7 specimens respectively as shown in Fig. 5a. Double-wythe specimens D_G3_(Co) and 16 

D_G7_(Co) lead to 30% and 4% increased corresponding displacement of the maximum 17 

load, compared to D_B3 and D_B7 specimen, respectively – see also Fig. 5b. With the 18 

marginal exception of specimen D_G7_(Co), coated glass fibre textile specimens were 19 

significantly more deformable than the corresponding basalt fibre textile specimens although 20 

the axial stiffness of the corresponding TRM layers is comparable. This hints to a potential 21 

advantage of coated glass fibre textile reinforced mortars that should be further investigated 22 

in the future. 23 

5 Conclusions 24 

In this work, an experimental campaign was carried out on single and double-wythe masonry 25 

walls strengthened with TRM composite material. The objective of this experimental work 26 

was to examine and quantify the effect of i) the textile fibres coating; ii) the number of TRM 27 

layers and; iii) the type of the textile fibre material utilised, on the out-of-plane flexural 28 

response of TRM-strengthened masonry walls. The experimental results obtained are 29 

analysed and discussed in terms of maximum load capacity, the deformation capacity and the 30 

different failure modes observed due to the aforementioned investigated parameters. 31 

Conclusions drawn from the preceding analysis are summarised as follows: 32 
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• The application of epoxy-resin coating resulted in specimens of increased maximum 1 

load capacity with respect to their uncoated counterparts, both in single and double-2 

wythe walls. This is attributed to i) the enhanced bonding between the textile fibre 3 

and the mortar matrix due to the stiffening of the rovings and their increased surface 4 

roughness and ii) increase in the tensile strength of the fibre textile due to improved 5 

friction conditions between individual fibres within a roving. 6 

• This was not the case for the D_G7 and D_G7_(Co) specimens where the difference 7 

in the recorded maximum loads was marginal. In both specimens, the shear capacity 8 

of the masonry wall controlled the corresponding failure modes. Hence, increasing the 9 

number of layers has an impact similar to the application of coating by improving 10 

interlocking conditions between the fibre textile reinforcement and the matrix. 11 

• Increasing the number of TRM layers by 2.3 times, i.e., from 3 to 7, resulted in a 12 

maximum load increase of 2.1 times for the case of the uncoated glass fibre textile 13 

material, both in single and double-wythe walls. However, the maximum load 14 

increase achieved in the case of the coated glass fibre textile TRM was 1.6 times in 15 

both single and double-wythe walls. In the case of coated basalt fibre textile TRM the 16 

corresponding increase of the load capacity was 1.9 and 1.5 times in single and double 17 

walls, respectively. Employing 7 layers of coated textile fibre TRM led to over-18 

reinforced specimens whose strength was bound by the masonry shear strength. 19 

• Coated Basalt and coated glass fibre textile performed similarly in terms of load 20 

bearing capacity, both in single and double-wythe walls. Hence, the custom coating 21 

procedure described in this work, which can also be implemented on site, results in a 22 

strengthening configuration that is equivalent to that of an industrially manufactured 23 

textile composite material. 24 

• The deformability of S_G7_(Co) was significantly increased compared to S_B7 25 

specimen. Although the axial stiffness and strength of the TRM in both cases was 26 

practically identical glass textile fibre reinforcement seems to be providing an 27 

advantage that should be further investigated in the future. 28 

• In all cases examined bonding achieved between the TRM and the masonry substrate 29 

was optimum as debonding only occurred after the maximum load was attained. As 30 

manifested by Pmax to Pcon ratio TRM effectiveness was more pronounced in single-31 

wythe walls compared to the much stiffer double-wythe walls. In the latter, the 32 

maximum load of the strengthened specimens was bounded by the masonry shear 33 

capacity.  34 
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